I.. BACKGROUND {#s1}
==============

Interest in human biomonitoring has undergone a renaissance in recent years with the application of new innovative analytical techniques for measuring small incremental differences in body burden or receptor binding. This has led to an evolution in the methodological, procedural, and ethical guidelines used to guarantee the relevance, reliability, and confidentiality of any new initiative ([@R27]). The advantages of using an internal measure of absorbed dose rather than an external exposure concentration are widely acknowledged and well accepted. These include the ability of internal dosimeters to factor all routes of exposure into consideration and to simultaneously account for individual differences in the uptake, distribution, and elimination of a substance. Perhaps the greatest utility of biomonitoring is, however, its ability to account for intraindividual changes in pharmacokinetics as a function of a person\'s age, lifestyle, diet, and activity level. Although methods currently exist for the ambient monitoring of diesel exhaust exposure, particularly in occupational environments, there is no uniform agreement on the best approach, and this has led to a confusing array of methods and models that are not intercomparable. This has resulted in the widespread use of exposure reconstruction techniques and surrogate exposure models in the dosimetry studies that accompany retrospective examinations of estimated health effects in exposed populations. These methods, however, are often highly suspect and may yield a distorted picture of past exhaust exposures. The logical way out of this conundrum is the identification of a robust and sensitive biomarker of diesel exhaust exposure.

Human biomonitoring has become an essential tool for answering many questions regarding exposure and effect ([@R32]). A successfully developed biomonitoring program using established and corroborated biomarkers can help (1) establish exposure trends, (2) identify highly exposed subgroups, (3) determine reference ranges for acceptable exposures, and (4) verify human health risk. For diesel exhaust, the first step, however, is the identification a reliable and specific biomarker that can be utilized in either an occupational or a community setting. The ideal solution, therefore, is the identification of a biomarker that can be linked forward to potential effects and backward to known sources of exposure ([@R169]). In this context, it is essential that any biomarker of diesel exhaust exposure possesses the following characteristics ([@R71]):

1.  A consistent quantitative association with external exposure at all relevant air concentrations.

2.  A robust relationship to external exposure despite the presence of confounding factors or background exposures.

3.  High sensitivity and specificity at low levels of exposure.

4.  The availability of a highly accurate analytical method with low inter and intra laboratory variability.

In the case of diesel exhaust, these are particularly critical considerations, given its compositional complexity and the existence of many potentially confounding substances from other combustion sources. As will be shown in the following sections, the issue of specificity has been the single greatest impediment to the identification of a distinctive biomarker for diesel exhaust and the primary reason why most attempts have only met with moderate success.

As depicted in [Figure 1](#F1){ref-type="fig"}, a biomarker can focus on any or all of the stages in an exposure-response continuum. Although three types of biomarkers (exposure, effect, and susceptibility) are generally recognized, traditional large-scale biomonitoring programs have often focused on the use of a single unambiguous biomarker for assessing either exposure or effect in a particular setting. These values are often evaluated relative to a reference concentration applicable to an occupational or community environment ([@R28]). In the absence of such a reference concentration, a biomarker cannot be used to assess potential health risk. This limitation does not, however, vitiate its value in a biomonitoring program. In the case of diesel exhaust, where health-based reference concentrations do not exist outside of the workplace, an exposure biomarker would be a valuable tool for the following:
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1.  Establishing baseline levels of exposures in the general public;

2.  Comparing exposures among different populations;

3.  Assessing the effectiveness of regulatory and environmental risk management actions intended to reduce exposure; and

4.  Supporting epidemiological research on potential links between exposure and specific health effects.

These benefits, however, cannot be fully realized until the biomarker has been validated in a laboratory that has an established quality control program that includes participation in available proficiency evaluations ([@R58]).

II.. FACTORS AFFECTING DIESEL BIOMARKER IDENTIFICATION {#s2}
======================================================

A.. Exposure Considerations {#s3}
---------------------------

Diesel exhaust exposures can occur in any developed society where diesel engines are used in the power, transportation, or manufacturing sectors. Although diesel exhaust is commonplace in both rural and urban settings, it is often very difficult to parcel out from the myriad of other fuel combustion exposures that coexist in ambient air. There are several situations, however, where diesel exhaust exposures predominate and provide a semi-controlled environment for evaluating exposure magnitude and the probability of harm. Foremost among these are the mining, trucking, and transportation industries where diesel exhaust is an ever present concern for health professionals looking to assess and control emissions relative to published exposure standards. Occupational monitoring in these environments has provided the best opportunity for developing the sampling and analytical methods needed to assess personal exposure minus the interferences from secondary combustion products. Even here, however, cross-contamination from other nondiesel exhaust sources is a potential concern that needs to be evaluated. Although numerous exposure surrogates have been identified for use in these environments, the results are not intercomparable due to differing analytical procedures, emission characteristics, or operational definitions.

The most common approach for measuring diesel exhaust exposure has been the determination of elemental carbon (EC) or total carbon (TC) in the particulate fraction. Use of these surrogate exposure metrics is driven largely by the fact that most occupational exposure limits have been expressed in terms of the carbon content in diesel particulates. The American Conference of Governmental Industrial Hygienists (ACGIH) first added diesel exhaust to its list of intended changes in 1995 and recommended an 8-hour threshold limit value (TLV) of 0.15 mg/m^3^ as total diesel particulate matter (DPM). The ACGIH then lowered the value to 0.05 mg/m^3^ in 2001. This value was replaced with an equivalent TLV of 0.02 mg/m^3^ for EC by assuming an EC/TC ratio of 40% ([@R180]). The ACGIH value was ultimately withdrawn in 2004 after the United States Environmental Protection Agency (USEPA) issued a health assessment report, which contained information that conflicted with the ACGIH standard ([@R1]). The US Mine Safety and Health Administration (MSHA) issued an occupational exposure standard for DPM in 2001 that has also undergone considerable revision since its initial promulgation ([@R161]). Initially, a value of 0.4 mg/m^3^ was proposed for TC, which was then modified to 0.308 using a TC to EC ratio of 1.3 (EC/TC = 0.77) as a conversion factor ([@R162]). As of 2008, the MHSA standard stands at 0.16 mg/m^3^ TC, which will be adjusted to an EC-based limit in an upcoming regulation ([@R22]). The primary impediment for implementing the change has been the magnitude of the carbon conversion factor (i.e., the EC/TC ratio), which can be affected by many factors including fuel type and engine load ([@R176]). In contrast to particulate-based surrogates, the Occupational Safety and Health Administration (OSHA) has, since the mid-1980s, promoted the monitoring of hydrocarbon vapors or inorganic gases such as carbon monoxide as the best surrogates for diesel exhaust exposure ([@R181]).

There are few explicit exposure limits for the diesel exhaust in ambient air. The USEPA established a DPM reference concentration of 5 *µ*g/m^3^ that was predicted to be protective of non-cancer health effects ([@R197]). This limit is backed up by a PM~2.5~ National Ambient Air Quality Standard of 35 *µ*g/m^3^ (24-hr) and 15 *µ*g/m^3^ (annual) that will likely be the subject of proposed reduction within the next several years given recent International Agency for Research on Cancer (IARC) findings that re-labeled diesel exhaust as a group I carcinogen for humans ([@R221]; [@R210]). The European Union has no exposure guideline for ambient diesel exhaust or DPM, but a general PM~2.5~ limit value of 25 *µ*g/m^3^ will take effect in 2015, and a more stringent indicative limit value of 20 *µ*g/m^3^ will need to be met by 2020.

Use of particle-based surrogates has hindered the identification of a suitable exposure biomarker for diesel exhaust, because particulates above the nano range are not absorbed and systemically circulated following inhalation. Consequently, it is not possible to measure a dosimetrically equivalent internal and external exposure concentration. There are, however, alternatives to the carbon measurements, but they are not routinely employed, and their relationship to EC and TC levels is, for most part, unknown. Any *de novo* identification and use of an exposure biomarker for diesel exhaust will ultimately require a thorough examination of its relation to progenitor concentrations in ambient air to ensure that the biomarker is sensitive to changes in diesel exhaust levels. These concentrations can then, with appropriate knowledge, be related back to the EC and TC concentrations that have historically been used to track exposures. This assumes, of course, that changes in the composition of diesel exhaust will not disproportionately affect the relative amount of each metric, which may be true over a short time frame but highly unlikely for periods extending beyond a few years. Perhaps, the best surrogates for diesel exhaust exposure from a biomarker perspective are the volatile and semivolatile organics that exist in either the vapor phase or adsorbed onto respirable particulates. These substances may be absorbed following inhalation then sequestered or excreted in a form that can be measured analytically with a high degree of accuracy. Although these volatile and semivolatile chemicals include hundreds of possible candidates, they have been largely ignored as a basis for setting exposure limits since their role in the exposure-response continuum is more uncertain than the overall particulate burden to the lung. This is partly due to the ubiquitous nature of these substances and their release from a variety sources that are often difficult to identify or associate with a particular emission source.

The preferred method for measuring DPM concentration in both an occupational and community environment uses the EC fraction as a selective surrogate for the total particulate mass, which is composed of approximately 80% carbon. EC comprises roughly 40% of the TC content with the remainder consisting of the organic carbon (OC) from adsorbed volatile and semivolatile organic compounds. EC can be measured by any of several different standardized methods that employ size selective sampling along with thermal optical detection. In an occupational environment, NIOSH method 5040 and the European standard EN 14530 methods are the most commonly employed techniques ([@R25]). Both methods measure EC and OC independently, and the values are summed to arrive at a TC determination. The analysis has limitations, however, as these methods take no account of particle source and the positive bias produced by wood and cigarette smoke, if present in appreciable quantities. In addition, if these methods are used to assess the TC concentration as recommended by MSHA, separate steps need to be taken to control for sampling artifacts in the OC fraction, which can be affected by both nonspecific particle adsorption and the elution of volatile substances from the surface of the filter as sampling progresses ([@R41]).

Diesel exhaust concentrations in ambient air can be monitored using either a batch sampling technique or a semicontinuous approach. Unlike the goals for occupational monitoring however, ambient air assessments have different constraints and somewhat different objectives. Not only are the levels of diesel exhaust in ambient air far lower than those observed in the workplace, interferences from other anthropogenic and biogenic combustion sources are almost always present. Consequently, the sampling and analysis methodology needs to be tailored to the specific needs of the program and rigorously controlled to guarantee reliable results ([@R200]). Two basic analytical methods have been developed for the semicontinuous analysis of the EC, OC, and TC content of ambient air samples. These are the thermal-optical transmittance (TOT) method, standardized by NIOSH for use in underground mines, and the thermal-optical reflectance (TOR) method developed by the USEPA for use in ambient air monitoring programs ([@R15]). Although both methods are capable of accurately measuring TC content, differences in the thermal profile and optical measurements result in different operational definitions for the EC that is measured. Consequently, EC levels determined by the TOT method can be less than half of those observed using the TOR method ([@R45]).

This potpourri of sampling and analytical measurements for diesel exhaust demonstrates the problems currently faced by regulators seeking to ensure compliance with recommended exposure standards. Likewise, health specialists wishing to investigate the nature and degree of exposure in different emission environments have to contend with a confusing array of surrogate measurements. This patchwork of methods underscores the need for a more unified approach for documenting exposures in a variety of diverse environments. One solution to this complex problem hinges on the development of an agreed upon approach for assessing the actual body burden of a key ingredient in diesel exhaust. Whereas, most attention has been on the EC content of the particulate fraction, relatively little consideration has been given to the semivolatile substances that constitute the OC fraction. Although some progress has been made on identifying a unique OC marker of diesel exhaust exposure, much more effort is needed before a suitable method can be identified for routine use.

Any biomarker for diesel exhaust ultimately needs to be associated either directly or indirectly with a potential health effect to be of any value in a risk evaluation. This requirement is particularly problematic for complex mixtures such as diesel exhaust since the particular agent(s) responsible for any decrements in morbidity or mortality remain largely unknown. Still, this linkage should not be viewed as an insurmountable impediment since multiple mechanisms and modes of action may exist for the range volatile and nonvolatile substances in diesel exhaust. Another more basic requirement is the identification of a reliable and well-validated analytical method for measuring internal and external exposure concentrations. The specificity, sensitivity, and reproducibility of the method will need to be fully examined and well documented. Similarly, a sampling method will be needed to collect the analyte of interest with high efficiency and recovery.

B.. Epidemiological Considerations {#s4}
----------------------------------

Few of the epidemiology studies conducted outside an occupational setting have adequately documented the magnitude of current or past exposures to diesel exhaust ([@R66]). Some have relied on ambient air monitoring of total aerosol mass or, alternatively, the particulate levels within a specific size fraction. Others have used surrogates such as EC, carbon monoxide, nitrogen dioxide, or benzene ([@R106]; [@R153]). Oftentimes, the use of these chemical measures has resulted in considerable measurement error, particularly when the values are based on area monitoring versus personal exposure assessments ([@R241]). Typically, the measurements taken at local area-monitoring stations are applied to receptor populations residing within an area of interest. This area-monitoring approach to exposure assessment does not, however, adequately represent the multitude of microenvironments that an individual can occupy in the course of a day. The measurements also suffer from a lack of temporal resolution for humans whose activities change constantly throughout the day ([@R2]).

Since particulate matter (PM) is composed of many source fractions each capable of eliciting some of the same health effects as diesel exhaust, there is a need to separate the influence of individual particulate types to assess their contribution to the overall health risk. However, few epidemiological studies have been able to adequately sort out the contribution of various PM source types to overall incidence rates, regardless of the techniques employed ([@R139]). Some investigators have attempted to use physical or statistical models to apportion the total PM exposure to individual sources, but these techniques often lead to large uncertainties in the actual magnitude of the exposure. Another approach, gaining greater acceptance, relies on measures of traffic density and vehicle type as indirect indicators of exposure intensity for residents living in close proximity to a road or highway. These so-called land use regression models have been used to estimate diesel exhaust exposures as a function of wind direction, elevation, and distance from a roadway, truck density, and other geographic- or traffic-related variables ([@R198]). As before, however, exposure misclassification can be particularly problematic, leading to either an underestimate or overestimate of the actual risk.

Other investigators have, with varying degrees of success, developed alternative spatial and temporal air pollution models to characterize traffic-related exposures. The most commonly employed approaches have been categorized as either proximity models, dispersion models, interpolation models, integrated meteorological-emission models, or hybrid models ([@R108]). Of these, proximity models are generally considered to be least effective since they are based on the overarching assumption that exposures closer to a traffic source are automatically greater than those further from the source ([@R263]). Alternatively, hybrid models, which are an amalgamation of modeling approaches systematically applied in some logical fashion, hold greater promise for estimating individual exposure-based personal or area monitoring data. Whereas other modeling techniques exist, such as inhalation models that take into consideration human activity patterns, they have not been utilized to any great degree because of the intense data needs. Perhaps the single greatest issue with many of these modeling techniques has been the absence of any independent validation to reduce the possibility of exposure misclassification ([@R21]). The underlying assumptions associated with many of these methods have also constrained their utility and limited the possibilities for data intercomparison. In fact, differences in exposure measurement accuracy have been cited as the single most important cause of conflicting results in epidemiology studies focusing on vehicular exhaust ([@R75]). These issues have led to a strong and pressing demand for a metric that could help segregate the true health risks of diesel exhaust exposure from those associated with other influential background contaminants such as cigarette smoke, wood smoke, and gasoline exhaust ([@R151]).

The need has only intensified with the creation of biomonitoring programs on a regional and national level to assess population-related exposures in a more unambiguous fashion ([@R213]). Identification of a viable exposure biomarker has the potential to overcome many of the inaccuracies associated with the use of exposure surrogates and spatial/temporal models ([@R206]). Identifying a sensitive and specific biomarker for diesel exhaust is not an easy matter, however, since any candidate needs to be associated with a well-vetted and suitably validated analytical method that is free of the inaccuracies caused by matrix effects, analyte instability, or chemical interference ([@R35]). Once developed and suitably evaluated, an exposure biomarker would also provide an avenue for assessing aggregate exposures to diesel exhaust from a variety of nonvehicle-related sources. Although issues of cost, reliability, and specificity may exist, exposure biomarkers have clearly become a highly desirable method for reducing the uncertainties and exposure misclassifications associated with more conventional approaches to diesel exposure assessment ([@R30]).

C.. Aging Considerations {#s5}
------------------------

Nucleation, condensation, and adsorption are all important processes that take place as freshly emitted diesel exhaust cools and ages. The exhaust aging process results in the formation of new liquid aerosols and the deposition of volatile and semivolatile organics onto particle surfaces. The first step in the aging process, nucleation, occurs when inorganic substances are oxidized and transformed to very small microparticulates that serve as condensation sites for further particle growth ([@R237]). The condensation nuclei found in DPM are composed of sulfate, nitrate, and ammonium particles that include both low-volatility organics and semivolatile organics that are deposited as the temperature declines. Precursors to nuclei formation include gases such as sulfur dioxide, nitric oxide, and nitrogen oxides; however sulfuric acid is postulated to be the primary source ([@R173]). The degree of nucleation is dependent on the engine load and the temperature of the exhaust gas at the tailpipe ([@R70]).

Shortly after their formation in the combustion cylinder, semivolatiles partition onto the surfaces of both the solid soot particles and the liquid aerosols created through condensation. In addition, agglomeration can occur as the carbon spherules clump together to form larger particles of soot. So as cooling proceeds, the mass concentration of PM increases as does the organic fraction deposited on the soot ([@R172]). This is accompanied by a decrease in the concentration of volatiles in the vapor phase as well as the total number of particulates. Once emitted, the organic constituents of diesel exhaust can also undergo a wide range of photooxidation reactions that will result in the formation of secondary products. In some cases, these products will be identical to those already present in the exhaust, and in other cases new and novel substances will be created. Since a variety of factors can affect the rate of these oxidation reactions, including temperature, humidity, oxidant radical concentration, and sunlight intensity, it is not surprising that atmospheric photooxidation reactions show wide spatial and temporal variability. Likewise, the lifetimes of the various reaction products in the atmosphere may range from minutes to months ([@R258]). Three oxidants, in particular, control the transformations of diesel organics; these are hydroxyl radicals, nitrate radicals, and ozone. Hydroxyl radicals and ozone control the daytime photooxidation reactions of diesel organics, whereas nitrate radicals and ozone affect the nighttime reactions. In addition to these chemically induced oxidation reactions, sunlight can photolyze some diesel-related organics such as carbonyls that contain photo-labile functional groups.

Numerous photochemical reactions were observed to occur in smog chamber tests with diesel exhaust samples aged in the dark with nitrate radicals or in the daylight with hydroxyl radicals ([@R260]). Chief among these were the oxidation of C~14~--C~40~ normal and branched alkanes and the formation of nitro-naphthalenes from polycyclic aromatic hydrocarbon (PAH) precursors. There was a notable increase in alkanedioic acids and aromatic diacids associated with the hydroxyl radical-initiated reactions. Substituted ethyl- and dimethyl-naphthalenes, in particular, have been shown to rapidly react with nitrate and hydroxyl radicals to yield the corresponding nitro- and hydroxy-naphthalenes ([@R249]). These atmospheric nitration reactions have also been shown to occur with several monocyclic and bicyclic gas phase hydrocarbons such as toluene and biphenyl ([@R174]). The hopanes and steranes in the gas phase of diesel exhaust were also shown to be oxidized to more polar compounds at rates that produced atmospheric lifetimes of a day or less ([@R129]).

Photooxidation reactions in the atmosphere can not only alter the chemical composition of diesel exhaust, but also change its physical form as well. This is because the reaction products are often less volatile than the precursors, leading to condensation and the formation of secondary organic aerosols (SOA). Experimentally, the photooxidation of diesel exhaust led to rapid formation of SOA, which contributed 20--60% of the overall aerosol mass after only 3 hr ([@R159]). The source of the SOA could not be solely attributed to the photooxidation of light aromatics and was speculated to arise from the oxidation of low volatility polycyclics as well.

Other studies have shown that PAHs are major contributors to the SOA that appears following the emission of diesel exhaust. Aerosol yields ranging from 2--22% were observed when naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, acenaphthylene, and acenaphthene were reacted with a hydroxyl radical source in a smog chamber ([@R218]). These results have been independently confirmed and extended to show that PAHs can potentially account for up to 54% of the aerosols from diesel exhaust emissions ([@R40]). When exposed to sunlight, soot-absorbed PAHs with two or three rings were shown to disappear rapidly at a bi-exponential rate ([@R119]). The first phase of this loss process typically had a half-life of 5 hr or less, whereas the half-life of second phase was generally 14--50 hrs. The degradation of PAHs with 4--6 rings was mono-exponential and occurred at a far slower rate.

These studies suggest that many of the hydrocarbons found in freshly formed diesel exhaust may be subsequently photooxidized in air to more polar substances. The measurement of these oxidized and nitrated substances in diesel exhaust complicates their use as potential biomarkers, since their levels will vary as a function of the oxidizing capacity of the ambient air as well as their residence time in the atmosphere. Structure activity models are available, however, that allow the photooxidation rate and atmospheric lifetime of a chemical to be predicted with a reasonable degree of certainty. Effective use of these models allows a potential biomarker to be screened on the basis of their susceptibility to atmospheric oxidation.

Another important factor to be considered is the inability of chassis dynamometer testing to realistically cool, dilute, and photooxidize diesel exhaust prior to emission factor determination. Since most evaluations of diesel exhaust composition are performed with chassis dynamometers, their results may be biased depending on the design and construction of the dilution tunnel, which cools the exhaust from a high of about 300°C to a low of 15°C. Since dilution tunnels can only achieve a fraction of the sample dilution that is observed in the ambient environment, reliance on these data as a basis for identifying potential biomarkers needs to be tempered by the fact that diesel exhaust undergoes two separate dilution stages under real-world conditions. The (1) tailpipe to road and (2) road to ambient air dilution stages results in an overall dilution of 1:10,000 within a 10 min timeframe ([@R256]). In contrast, the dilution tunnels used with chassis dynamometers only achieve an average dilution of 1:20--1:200. This testing artifact has been shown to affect the particle partitioning of semivolatile organics and artificially increase the amount of PM~2.5~ and OC that is collected, but the extent depends to a large degree on the engine load and the amount of organics present in the exhaust ([@R144]). Unlike the partitioning processes in a dilution tunnel, the soot-absorbed semivolatile organics in ambient air will repartition into the gas phase as the exhaust ages. This has broad implications for the identification of biomarker candidates, since the compositional information from dynamometer testing may not be as reliable as the data obtained from on-road or roadway tunnel studies.

D.. Regulatory Considerations {#s6}
-----------------------------

Any discussion of diesel exhaust biomarkers and composition needs to be prefaced with a few facts regarding the impact of clean air regulations on the future of diesel exhaust emissions. In both the US and Europe, a plethora of new diesel engine emission control standards has led to an everchanging description of DPM and its attendant gases and vapors ([@R109]). Since 1992, there has been a staged introduction of new regulations affecting the emission of nitrogen oxides, hydrocarbons, and PM in on-road diesel-powered vehicles. The values presented in [Table 1](#T1){ref-type="table"} show that the allowable emission of DPM has declined steadily in both passenger cars and commercial vehicles. The emission of hydrocarbons and nitrogen dioxide in diesel exhaust from passenger and commercial vehicles was also projected to decline by more than 5-fold for the 12 year period beginning in 1992. The USEPA has developed a similar set of emission limits that have been promulgated in two separate phases lasting 5 years each. A third tier of regulations was initiated in 2010 and is scheduled to end in 2016. The promulgation of these increasingly stringent regulations has required engine manufacturers to make dramatic changes in the combustion characteristics of new engines and introduce new pollution control measures, such as fuel reformulation, diesel particulate filters (DPFs), and oxidation catalysts ([@R232]). Since these technologies will continue to be modified and improved to meet future restrictions on DPM and hydrocarbon emissions, the diesel emissions of today will undergo further change with the types and quantities of each pollutant shifting with time. Despite these improvements, the dramatic rise in diesel engine use, especially in developing countries may offset the gains realized by the use of more advanced pollution control devices. This sweeping statement, however, contains many assumptions regarding the pace and extent of change. Air quality improvements in developing countries will be greatly influenced by the rate of turnover in the vehicle fleet and by the degree of retro-fitting with improved abatement technologies. Likewise, the passage and implementation of local emission standards and the mandated use of newer fuel types may also have a decided impact on future air quality changes arising from the increased use of diesel-powered vehicles.

###### 

European emission standards for nitrogen oxides, hydrocarbons, and PM in diesel exhaust

                              Passenger cars (g/km)   Commercial vehicles \< 1760 g (g/km)   Commercial vehicles \> 1760 g (g/km)                                           
  ---------- ---------------- ----------------------- -------------------------------------- -------------------------------------- ------- ------- ------- ------- ------- -------
  Euro I     July 1992        ---                     0.97                                   0.14                                   ---     0.97    0.14    ---     1.7     0.25
  Euro II    January 1996     ---                     0.7                                    0.08                                   ---     0.7     0.08    ---     1.2     0.17
  Euro III   January 2000     0.50                    0.56                                   0.05                                   0.50    0.56    0.05    0.78    0.86    0.10
  Euro IV    January 2005     0.25                    0.30                                   0.025                                  0.25    0.30    0.025   0.39    0.46    0.06
  Euro V     September 2009   0.180                   0.230                                  0.005                                  0.180   0.230   0.005   0.280   0.350   0.005
  Euro VI    September 2014   0.080                   0.170                                  0.005                                  0.080   0.170   0.005   0.125   0.215   0.005

Perhaps the greatest innovation in diesel emission control has been the creation of DPFs. DPFs came into prominence with the institution of the 2009 EURO V regulations and the Tier 2 USEPA regulations phased in from 2004 to 2009. Their popularity stems in part from their ability to be used as retrofit devices on existing vehicles ([@R33]). The filters are typically employed as part of a two-stage control process that also involves the use of a diesel oxidation catalyst (DOC) that reduces hydrocarbon emissions and promotes the formation of nitrogen dioxide. In the first stage, NO is catalytically oxidized to NO~2~, which is needed to lower the oxidation temperature of the particulates trapped in the second stage. This lower temperature helps to reduce filter maintenance by promoting self-cleaning of the DPM. Continuously regenerating DPFs have been shown to reduce the emissions of CO, hydrocarbons, and DPM in transit buses by over 90% ([@R130]). Likewise, DPFs also resulted in carbonyl reductions greater than 99%, PAH reductions up to 80%, and nitrated-PAH reductions of 94%. In some cases, a 3-fold reduction in DPM has been noted in heavy-duty transit vehicles equipped with DPF ([@R235]). Under more controlled conditions, dynamometer testing of a heavy-duty diesel vehicle equipped with a DOC and DPF showed an average reduction of 96% in the emission of eight PAHs ([@R219]). Under some operating conditions, use of DPFs can result in the emission of large numbers of nanoparticulates in the nuclei mode of 30 nm or less; but this finding is the subject of considerable debate, with numerous studies showing a decline in nanoparticulate formation ([@R122]; [@R93]).

DOCs often utilize a platinum catalyst to promote the removal of CO and hydrocarbons. The DPM removal efficiency with this catalyst generally ranges between 30% and 50%, but some catalysts such as zeolite and vanadium can achieve greater reductions. The amount of catalyst in a DOC helps determine its overall oxidation potential for hydrocarbons and DPM ([@R92]). Ultimately, however, it is the balance between exhaust temperature and catalyst loading that determines the reduction efficiencies for regulated pollutants. Studies also suggest that a DOC can be used in conjunction with a reformulated low-sulfur fuel to augment the reduction in particle numbers over what is observed with just a single control technique ([@R50]). The use of low-sulfur or no-sulfur fuel along with DPF has not, however, provided an appreciable improvement in DPM emissions due to the large gains that can be attained with particulate filters alone. The use of low sulfur fuel along with a DPF has been shown to reduce the toxicity associated with New Technology Diesel Exhaust ([@R46]; [@R152]).

A wide range of new pollution control devices are under development to help meet current and anticipated new pollution control regulations ([@R20]). Technologies such as selective catalytic reduction, nonthermal plasma after-treatment, and nitrogen oxide storage catalysis will result in further qualitative and quantitative changes in the composition of diesel exhaust, but their exact impact cannot be predicted with any degree of accuracy. It is imperative, however, that any methodical search for potential diesel biomarkers evaluates the likely impact of pollution control on the emission rates under real-world conditions.

E.. Fuel Considerations {#s7}
-----------------------

Fuel changes alone can dramatically affect the composition of diesel exhaust. The introduction of low-sulfur/low-aromatic fuels has been shown to decrease the OC/EC ratio by affecting the percentage of PAHs in the OC fraction ([@R3]). Dynamometer testing with a range of light- to heavy-duty diesel vehicles showed that fuels with low sulfur and aromatic content did not affect the emissions of BTEX (benzene, toluene, ethylbenzene, and xylene) chemicals or simple aldehydes, but did reduce the emission of larger PAHs ([@R170]). A similar examination of a bus fleet equipped with heavy-duty diesel engines revealed that the use of low-sulfur diesel fuel (50 ppm sulfur) could result in the reduction of PAH emissions by more than 90% as compared to low-sulfur fuel (500 ppm sulfur) ([@R142]). In other studies, reducing the fuel sulfur content from 1473 ppm to 47 ppm was shown to result in an appreciable reduction of total hydrocarbon emissions from a diesel-powered vehicle tested under a full range of load conditions ([@R227]). Although not used commercially to a large degree, there has been considerable interest in the emissions profile of alcohol-containing diesel fuel blends. Methanol-supplemented diesel fuels did not, however, provide the same benefits as low-sulfur fuels and caused an increase rather than a decrease in hydrocarbon emissions ([@R257]). The same is true for ethanol-supplemented fuels, with the emission of benzene, toluene, and xylene from a light-duty diesel engine increasing at blending concentrations greater than 18% ([@R56]). These results, however, were highly dependent on the engine load conditions, with decreases rather than increases observed at higher loads. Synthetic gas-to-liquid diesel fuels have recently been introduced in some areas of the world, and their emissions profile compare favorably with more traditional diesel fuels with lower aldehyde and aromatic levels in the exhaust ([@R24]).

Use of biofuels has attracted considerable attention by many since they hold promise as both a renewable energy resource and an alternative approach to emissions control. Although modern diesel engines are capable of using hydrotreated vegetable oils as a fuel, the most commonly encountered biodiesels are produced by the transesterification of fatty acids derived from any of several animal or vegetable oil sources such as tallow, sunflower seeds, or rapeseeds ([@R167]). The resulting biodiesel fuel contains fatty acid methyl esters (FAME) that can vary in chain length from C~1~ to C~3~. Biodiesel fuels are named according to the percentage of biodiesel added to conventional diesel fuel, with B20 (20% biodiesel) being one of the most common. As the biodiesel content of a fuel mixture increases, there is a disproportionate decrease in DPM emissions, with reductions in excess of 90% observed in some cases with B100. There has, however, been some disagreement about the degree of DPM reductions that can be achieved with biodiesel, with some researchers suggesting that that there are no benefits whatsoever ([@R233]; [@R57]). To the contrary, most researchers find that reductions in the order of 20--40% can be reliably achieved.

Higher relative reductions of PM are generally obtained with a B20 blend than with blends containing a higher proportion of biodiesel ([@R80]). Quantitatively greater reductions are also generally observed at higher engine load conditions ([@R138]). An examination of the testing results from 49 studies with a B20 blend revealed DPM reductions in the order of 10--20% ([@R253]). Occupational exposures to PM~2.5~, formaldehyde, and acetaldehyde were shown to be reduced up to 5-fold when heavy equipment operators at a waste recovery facility switched from using diesel fuel to a soy-based B20 blend ([@R230]). Although there are particulate mass reductions with biodiesel, there can be, under some conditions, an increase in the number of ultrafine particulates less than 40 nm in size ([@R125]; [@R131]). The results, however, are inconsistent and seem to be related to the sulfur content of the biodiesel or the degree of exhaust gas dilution that occurs. Whereas the use of biodiesel blends was shown to cause a reduction in PM mass emissions in the fine and ultrafine range on the order of 41--45%, there was a shift in the size distribution with greater formation of nanoparticulates as the blending percentage increased ([@R42]). The overall air pollution benefits of biodiesel have been attributed to the high oxygen content of these fuels, which allows more complete combustion of the soot particles ([@R192]).

Biodiesel use has also been associated with a decline in PAH and nitrated-PAH emissions, but an increase in the emissions of several aromatic compounds including benzene and toluene. The magnitude of these emission changes was found to be highly dependent on the size of the engine, the compression and injection timing, and the engine load ([@R191]). In some cases, a decrease of up to 20% was noted for some BTEX chemicals ([@R62]); but these declines were not consistently observed in all circumstances. When engines were operated using an urban driving cycle that maximized the percentage of hydrocarbons emitted, the concentration of semivolatile aromatics, esters, paraffins, oxygenated aromatics, naphthalenes, and acids declined as the biodiesel ratio was increased ([@R16]). The only hydrocarbon category that increased with biodiesel use was the fraction that included aromatic aldehydes and ketones. Most studies have also shown an increase in the emission of carbonyls such as formaldehyde and acrolein with the use of biodiesel blends, especially at low engine loads ([@R88]; [@R217]). The relative emission of aliphatic carbonyls can vary according to the biodiesel source with the emission factors from animal and vegetable sources showing no particular relationship ([@R74]). The increased emission of aldehydes has been associated with the short chain esters in biodiesel, which can lead to formation of low molecular weight aldehydes during the combustion process ([@R78]). Compared to pure diesel fuel, a B20 or B50 biodiesel blend from the transesterification of used frying oil has also been shown to produce a substantial increase in the release of C~2~, C~4~, and C~8~ alkanes ([@R186]).

Most studies have shown that the emission of aromatic and polyaromatic hydrocarbons decreases with the use of biodiesel, but the degree of change is highly dependent on the engine operating characteristics. Reductions of individual PAH and nitrated-PAHs as high as 80--90% can be observed under some circumstances, but more modest reductions of 30--50% are more common. Bench testing of a light-duty diesel engine with a B10 blend made from soybean oil revealed a dramatic reduction in benzene and toluene emissions at all load conditions, but a far more modest effect on ethylbenzene and the three isomers of xylene ([@R62]). When a B20 blend from transesterified castor oil was examined in a heavy-duty engine, the average reduction in 8 monocyclic and 10 polycyclic aromatics was 21.1% and 17.2%, respectively ([@R47]). Several aromatics, however, such as phenanthrene, ethyl benzene, and the trimethyl-benzenes, showed an emission increase with use of the B20 blend.

In separate experiments, dynamometer testing of seven different biodiesel blends in a diesel passenger car equipped with a DPF showed a variable effect on the PAH emissions ([@R114]). The PAH emissions from biodiesel blends of B5--B20 prepared from transesterified rapeseed oil, palm oil, and coconut oil were tested in light-duty diesel passenger cars using the New European Driving Cycle (NEDC) ([@R115]). Emission reductions for the 15 PAHs ranged from near zero to 90% for the B10 blends. A comparison of the reductions for the B10 blend prepared from palm/coconut oil failed to show a consistent advantage over rapeseed oil for all of the PAHs examined. In contrast, blends using frying oil methyl esters showed an increase in the emission of PAHs relative to pure diesel, whereas the emissions decreased with soy-based methyl esters. A similar result was seen for 1-nitropyrene with the frying oil-based biodiesel producing the greatest emissions. The emission of four oxygenated-PAHs all decreased with the use biodiesel-based fuels. Testing with a B20 biodiesel from transesterified waste cooking oil in a heavy-duty diesel engine resulted in a 2- to 9-fold reduction in the emission factors of PAHs with 4--7 rings ([@R252]). Likewise, PAH emission factors relative to diesel fuel decreased by an average of 13.1% for a B20 blend and 19.4% for a B100 biodiesel fuel prepared from soybean oil ([@R87]). The PAHs adsorbed to PM were affected to a much larger degree than those in the gas phase.

The preceding results suggest that there is a decided advantage to using biodiesel fuels to reduce the emissions of volatile and semivolatile organics, but the changes are quite variable and difficult to predict simply on the basis of the type of biodiesel used. Oftentimes, the engine operating conditions are the deciding factor dictating the nature and magnitude of the reductions. The dramatic increase in the emission of some aldehydes such as acrolein is noteworthy, however, since the results suggest that some biodiesel-specific aldehydes may yet be identified. To date, there has not been any concerted effort to compile a biofuels emissions database, despite the large degree of testing that has been performed in recent years. Given the growth in biodiesel use, construction of an unregulated emissions database would be a very useful exercise that could aid in biomarker identification.

The upswing in biodiesel fuel use poses yet another challenge to biomarker development that needs careful consideration. Although many of the changes resulting from biodiesel combustion appear to be quantitative in nature there may be key qualitative changes in the emission profile that could be used as a fingerprint to help normalize measurements and account for the percentage of diesel exhaust emissions from a biodiesel source.

F.. Biochemical Considerations {#s8}
------------------------------

One of the more important considerations in biomarker development is the rate of clearance from the body. Understanding the metabolic and pharmacokinetic properties of an exposure biomarker is critical to interpreting the results from field measurements. The rate of elimination of a biomarker can, under some nonsteady state conditions, decidedly influence how exposure fluctuations affect biomarker concentrations. Key to this consideration is the relationship between exposure frequency and the biological half-life for a putative biomarker, since these two processes will affect the magnitude of any fluctuations in biomarker concentration ([@R86]). If exposures are relatively infrequent and short in duration, then the oscillations in biomarker concentration will be large for those substances with a relatively short elimination half-life. These large fluctuations in body burden will lead to a greater degree of interindividual variance in biomarker concentration since the postexposure sample collection time cannot be tightly controlled for all individuals. The selection of biomarkers with a long biological half-life will help dampen the oscillations in whole body concentration by retarding the clearance and minimizing the impact of changes in exposure frequency ([@R250]). As a result, biomarkers with a long biological half-life are generally preferred over those where the clearance rate is relatively rapid. This is less of an issue in an occupational setting, however, where specimen collection can immediately follow exposure termination.

For diesel exhaust, this means that an exposure biomarker with a clearance half-life of 10--12 hrs may provide perfectly acceptable results in an occupational setting, but fail in a community environment where the time interval between exposure termination and sample collection can be quite variable, especially when the study population involves subjects who move between numerous microenvironments. When longer postexposure time intervals are anticipated, it is important to use a biomarker with a long biological half-life that can be retained in the body for days rather than hours. Where long time intervals may exist before sample collection, it is essential that the biomarker possesses a biological half-life that is as long as possible so that the temporal impact is minimized and interindividual variance kept to a minimum. The relative half-life for different types of biomarkers is depicted in [Figure 2](#F2){ref-type="fig"}, which shows that urinary metabolites possess far shorter residence times within the body than albumin or hemoglobin adducts ([@R91]). Although the lack of persistence for rapidly eliminated substances is partially compensated for by the sensitivity gains that come with higher concentrations in the body, this advantage can only be capitalized on if the sample is collected shortly after exposure termination. The ideal biomarker for diesel exhaust in a population study would, therefore, focus on a macromolecular adduct rather than a parent chemical or metabolite.

![Hypothetical kinetic relationships between different biomarkers of exposure ([@R91]).](best44_1795_f2){#F2}

III.. RESEARCH TRENDS {#s9}
=====================

A.. Past Efforts {#s10}
----------------

There has been no shortage of attempts at developing a reliable and effective biomarker for diesel exhaust exposure. Because diesel exhaust is a complex mixture of substances containing a myriad of widely found substances, the identification of a biomarker with adequate specificity has been difficult to achieve thus far. Although generally well validated, currently available biomarkers of exposure for diesel exhaust often show high interindividual variability due to the confounding effects of secondary source exposures. These encumbrances have limited the usefulness of most methods and prevented their widespread use in population-based biomonitoring programs. Despite these complications, researchers have endeavored to use some diesel biomarkers in specific occupational settings where the uncertainties were far less than those associated with the general population.

Three chemical categories have attracted the most attention as exposure biomarkers for diesel exhaust. These are the PAHs, oxygenated-PAHs, and nitrated-PAHs. The vast majority of research on these chemicals has focused on the development of a biomarker suitable for use in an occupational setting. Because occupational settings provide a more controlled and uniform environment for examining whether a biomarker can consistently and reliably be related to an airborne exposure measurement, this has been the starting point for most field trials. Once vetted and fully examined in an occupational setting, a biomarker can be examined for broader use at the population level.

### 1.. Polycyclic Aromatic Hydrocarbons {#s11}

Although hundreds of PAHs can be identified in diesel exhaust, only a few have been targeted as potential biomarkers. Once absorbed in the body, most PAHs are extensively oxidized and excreted in the urine as their respective hydroxylated metabolite; the concentration of the unmetabolized parent in the urine is, therefore, relatively low. Despite these drawbacks, there are some advantages in using the unmetabolized parent compound since the levels are less affected by interindividual differences in oxidative metabolism by cytochrome P450. PAH exposures in the workplace can vary greatly depending on the occupation involved and the specific PAH being monitored. The level of individual PAHs rarely exceeds 100 ng/m^3^, except in high-hazard occupations such as carbon black manufacturing ([@R44]). Workplace concentrations in underground mines are more typically in the range of 0.2--5.4 ng/m^3^ for the individual PAHs commonly found in diesel exhaust ([@R201]).

Although a limited number of studies are available, the measurement of PAHs in urine has recently been evaluated as a biomarker to track exposures in occupations with low airborne concentrations of diesel exhaust. Naphthalene, phenanthrene, and pyrene have attracted the most attention in this regard. Interest was piqued by a preliminary report from the USEPA on chamber measurements performed in conjunction with controlled exposures of human volunteers to 100 *µ*g/m^3^ of a diluted diesel exhaust ([@R222]). The measurements revealed that the chamber air contained appreciable quantities of eight separate 2-ring and 4-ring PAHs in both the gas and particulate phases. Two PAHs, in particular, naphthalene and phenanthrene, were found in the diluted exhaust at respective average concentrations of 2600 ng/m^3^ and 765 ng/m^3^, which prompted the authors to speculate whether these compounds would be useful as biomarkers. Although biological specimens were collected as part of this investigation, the authors, as yet, have not published the results from the urinalysis.

In a subsequent study, however, the same group of authors evaluated employees working in occupations with high (coke-oven workers), medium (asphalt workers), and low (diesel-exposed loading dock workers) exposures to airborne PAHs ([@R223]). Whereas many of the volunteers in the medium and high PAH-exposed groups could be segregated based on the preshift/postshift ratio of unmetabolized naphthalene and phenanthrene in their urine, the loading dock workers in the low "diesel exposure" group displayed a ratio that was slightly less than one (0.96--0.99) for naphthalene and phenanthrene, indicating that the inhalation of diesel exhaust had no impact on their excretion. Although the authors of this study assumed that the primary source of PAHs in the medium exposure group was related to the use of hot asphalt, studies indicate that these workers may also be exposed to sizable amount of diesel exhaust as well ([@R60]). The impact of this confounding factor on the results and conclusions from this study requires further investigation. In addition, the authors noted that the ratio of urinary naphthalene to phenanthrene decreased with increasing exposure, which suggested that phenanthrene levels were a more robust measure, perhaps because of a higher excretion rate as a function of exposure concentration.

Despite the disappointing results, evidence from other studies involving occupational PAH exposures from other nondiesel sources suggest that the urinary excretion of some nonmetabolized PAHs may have utility in sites such as underground mines where the diesel exhaust concentrations can be relatively high. For example, using a highly sensitive isotope dilution mass spectrometry method, coke-oven workers exposed to a wide range of PAHs were shown to excrete 10 of 13 measurable PAHs in postshift urine specimens ([@R36]; [@R37]). The median levels in the urine specimens were generally highest for naphthalene, phenanthrene, and fluoranthene, whereas those PAHs possessing 5-rings were below the detection limit in most cases. The urinary recovery of these three parent substances was far less than the amounts for corresponding hydroxylated metabolites, which were nearly 20-fold higher.

In a separate study, unmetabolized benzo(*a*)pyrene was not detected in the urine of coke-oven workers exposed to a variety of PAHs, but the concentrations of naphthalene, phenanthrene, and pyrene were strongly correlated with the exposures expected in three different job categories ([@R244]). Although these results are intriguing, they are not likely to apply to workers exposed to diesel exhaust since the PAH concentrations are far lower than those observed for coke-oven workers. Likewise, PAHs such as these are commonly detected in a host of emission sources, so their utility as a selective biomarker of diesel exhaust is likely to be limited.

The measurement of DNA bulky adducts is another commonly encountered biomarker of PAH exposure in high-risk populations; however there are surprisingly few examples of its use in groups specifically exposed to diesel exhaust ([@R211]). Although the categorization of this measurement has been the subject of some debate, many consider it to be an exposure biomarker since the relationship between adduct formation and the onset of a toxic response can only be surmised ([@R6]).

The specimen of choice for measuring bulky PAH adducts in workplace studies is often blood lymphocytes or buccal cells collected with mouth swabs ([@R38]). The preferred method for quantitating bulky PAH adducts in occupationally exposed individuals has been ^32^P postlabeling; however, this technique is regarded by many to lack specificity, and has been largely supplanted by more accurate mass spectrometry methods that have the ability to measure the lower levels of binding observed in the general public ([@R7]; [@R94]). In a study of adduct levels in workers exposed to high levels of vehicular exhaust, the levels of bulky DNA adducts tended to be higher for those groups with the highest exhaust exposures, but there was no statistically significant difference in the levels observed for the six job categories (bus drivers, taxi drivers, garbage collectors, policemen, street vendors, automotive mechanics/attendant) examined ([@R184]). Lymphocytes from a group of bus garage workers and mechanics employed in a high diesel exhaust environment contained bulky DNA adducts levels that were on average 8-fold higher than the values from a control group ([@R171]).

The DNA adduct levels in peripheral blood mononuclear cells from workers employed in two separate coal mines yielded mixed results ([@R190]). In the first mine, where the workmen were divided into low-, medium-, and high-exposure groups, there was no apparent relationship between adduct levels and the estimated exposures to diesel exhaust. There was, however, a 2-fold increase in adduct levels when the below ground exposure groups were compared to a surface group that had no diesel exhaust exposures. Similar results were observed in a second mine where the adduct levels showed no apparent relationship with diesel exposure, smoking status, job category, or length of employment. An increase in bulky adduct levels was observed, however, in those miners who had a particularly intense exposure to diesel exhaust below ground. Considerable caution is necessary when evaluating these findings since there was no attempt to control for the PAH exposures resulting from coal dust, which can under some circumstances be laden with alkylated 2--3 ring polyaromatics ([@R132]).

Other studies have noted inconsistencies in the use of DNA adducts as a surrogate measure of exposure to the PAHs in diesel exhaust. Very small differences in lymphocyte DNA adduct levels were observed in a study comparing diesel-exposed taxi and rural bus drivers with a group of nonsmoking controls ([@R90]). In a particularly well-controlled study that involved actual personal monitoring of PAH concentrations in the gas and particulate phases of diesel exhaust, lymphocyte DNA adduct levels were measured in groups of workers from bus garages, waste collection stations, and garbage truck driving operations ([@R188]). A good relationship was observed between adduct levels and total PAH airborne concentrations across the exposure groups, but the correlation was only noted during the wintertime and not the summertime measurement periods.

Considering the contradictions observed in these studies, bulky DNA adducts are concluded to be a poor marker of diesel exhaust exposure. This is due in part to the ubiquitous presence of PAHs from a host of biogenic and anthropogenic sources. Charcoal-broiled food, as well as wood, coal, and cigarette smoke, all contain an abundance of PAHs that can result in high background exposures with an associated elevation in adduct formation from non-diesel-related sources ([@R212]). Despite their relatively long half-life in the body of 10--12 weeks, PAH adducts are not a particularly useful metric to measure diesel exhaust exposures in either an occupational or a residential population.

### 2.. Oxygenated Polycyclics {#s12}

A widely used approach for biomonitoring PAH exposures in the workplace relies on the measurement of hydroxylated metabolites in urine specimens. Whereas several analytical methods have been developed to accurately quantitate these biotransformation products, the most sensitive has a limit of detection in the low pg/L range and involves gas chromatography followed by isotope dilution mass spectrometry ([@R140]). The most commonly examined oxygenated polycyclic in this category has been 1-hydroxypyrene, which has often been used as a surrogate for the entire class of oxygenated PAHs. This particular pyrene metabolite possesses some favorable properties that make it a highly attractive exposure biomarker. These include a strong relation between exposure concentration and urinary elimination and a long half-life for urinary excretion on the order of about 29 hrs ([@R98]). Urinary 1-hydroxypyrene can also account for PAH uptake by all three routes of exposure, including dermal, inhalation, and ingestion. A recent review of 1-hydroxypyrene use as a biomarker for occupational PAH exposures documented over 130 different studies involving its use, mostly in metal foundries and petrochemical plants ([@R82]). Postshift urine concentrations in workers employed in jobs involving high exposure to vehicle exhaust typically ranged from 0.01 to 1.60 *µ*mol/mol of creatinine. Some employees, like toll both attendants and bus drivers, excreted appreciably higher amounts ranging as high as 4.68 *µ*mol/mol of creatinine ([@R231]). Workplace determinations are typically interpreted through the use of a urinary reference value that is linked to an occupational exposure limit for pyrene ([@R111]). Alternatively, the concentration in urine can be related back to the total PAH exposure as a benzo(*a*)pyrene equivalent concentration using the benzo(*a*)pyrene to pyrene ratio in the workroom air as an adjustment factor ([@R29]).

The value of using 1-hydroxypyrene as a biomarker in workplaces where diesel exhaust is the primary source of PAH exposure is, however, not entirely clear. Several studies failed to show a good correlation between exposure concentration and urinary excretion once all confounding influences were factored into the analysis. A comparison of the urinary 1-hydroxypyrene levels in shale-oil miners employed above ground and below ground showed only a small difference, despite known differences in the level of diesel exhaust ([@R207]). Cigarette smoking, grilled food consumption, and the use of a wood-burning fire place were found to be important confounding variables. Likewise, there was no correlation between urinary 1-hydroxypyrene levels in garbage collectors and the pyrene levels in diesel exhaust particulates from personal air samples ([@R84]). A large impact was also observed for those who smoked cigarettes, leading the researchers to conclude that 1-hydroxypyrene measurements were not suitable when low-level occupational exposures were associated with high background levels from secondary sources.

In contrast to these studies, some have noted a distinct relationship between exposure and urinary excretion. For instance, the levels of 1-hydroxypyrene in postshift urine specimens from workers in a bus garage where diesel exhaust exposures were commonplace were about 2-fold higher than those from a control group ([@R113]; [@R126]). A 4-fold increase in urinary excretion was also observed in workers from an engine repair shop relative to a matched control group, and the results did not reveal any apparent impact from cigarette smoking ([@R113]).

An examination of the results for 2000 subjects participating in the US National Health and Nutrition Examination Survey revealed that 99% of the participants excreted measurable amounts of 1-hydroxypyrene levels in their urine with the average median value equaling 0.04 *µ*mol/mol of creatinine. Cigarette smokers were found to have 3-fold higher levels than nonsmokers ([@R99]). In general, workplace studies have not demonstrated a universal correlation between urinary 1-hydroxypyrene levels and airborne levels of pyrene or total PAHs. For this reason, and because of the influence of age, gender, diet, alcohol, medicine intake, and activity patterns, a standard biological exposure index has not been established for this PAH metabolite ([@R147]).

Advances in the use of urinary 1-hydroxypyrene levels as a biomarker have inspired research on other hydroxylated PAH metabolites showing less background interference and less interindividual variability. Five metabolites, in particular, have been examined for use in an occupational setting: 1-hydroxynaphthalene, 2-hydroxynaphthalene, 3-hydroxyphenanthrene, 4-hydroxyphenanthrene, and 9-hydroxyphenanthrene. Because of its presence in the gas phase of diesel exhaust at high concentrations, naphthalene is an enticing target for investigation. Studies initially revealed that urinary levels of the parent compound correlated well with the total concentration of PAHs in airborne samples from coke production facilities, iron foundries, and aluminum production factories ([@R194]). In addition, postshift urinary levels of 1-hydroxynaphthalene and 2-hydroxynaphthalene were found to correlate well with the urinary excretion of 1-hydroxypyrene. Other studies have suggested, however, that cigarette smoking can have a measurable impact on the excretion of these napthols. For instance, the urinary levels of 2-hydroxynaphthalene in workers from aircraft maintenance facilities and shipyards were shown to have mean values ranging from 3.74 to 4.44 *µ*mol/mol of creatinine for smokers and 1.16 to 2.53 *µ*mol/mol of creatinine for nonsmokers ([@R120]; [@R135]). The high naphthalene levels in cigarette smoke highlight potential problems with the use of urinary 2-hydroxynaphthalene as a biomarker under low exposure conditions involving only diesel exhaust. These concerns were borne out in a study of urinary 2-hydroxynaphthalene levels in nonsmoking bus garage workers and garbage truck drivers exposed to diesel exhaust on a daily basis ([@R126]). The average value for these workers ranged between 3.34 and 4.85 *µ*mol/mol of creatinine, whereas the range for a nonexposed control population was 2.51--2.58 *µ*mol/mol of creatinine. Although some differences were noted for these two groups, the disparity was not sufficient to outweigh the impact of cigarette smoking on the excretion of this metabolite. Some investigators have, in fact, ruled out using 2-hydroxynaphthalene as a biomarker for any type of PAH exposure because of the large contribution from cigarette smoking ([@R216]).

The hydroxylated metabolites of phenanthrene provide yet another potential exposure metric, but they too suffer from low sensitivity and specificity. Measurement of the hydroxylated phenanthrenes excreted in the urine of workers at a graphite-electrode production plant revealed that the total urinary concentration of the 1, 2 + 9 (co-eluted), 3, and 4 isomers showed some correlation (*r* = 0.6) with the airborne concentration of phenanthrene. In this instance, the urinary concentration of the 3-hydroxy isomer predominated, accounting for 43% of the total hydroxyphenanthrene concentration ([@R8]). A stronger relationship was observed in the excretion of 3-hydroxyphenanthrene and 9-hydroxyphenanthrene in the urine of coke-oven workers ([@R216]). Whereas the urinary levels from control subjects were below the detection limits, the average urinary concentration of the 3 and 9 isomers in the occupationally exposed group ranged from 1.04 to 1.38 *µ*g/L and 4.55 to 7.35 *µ*g/L, respectively. The differences were not as great for a group of diesel-exposed bus garage mechanics and garbage truck drivers ([@R126]). In this instance, no correlation was observed between the urinary excretion of 1 + 9 (co-eluted), 2, 3, and 4-hydroxyphenanthrene and the concentration of the parent PAH in workplace air. A small but significant improvement was observed when the total postshift concentration for all hydroxylated phenanthrenes was compared to a group of control subjects. The differences, however, were less than 2-fold and highly variable. Importantly, the preshift and postshift concentrations of the individual isomers were not appreciably different, suggesting a long elimination half-life with a sizable potential for day-to-day accumulation. The urinary elimination of the 2, 3, and 4 isomers of hydroxyphenanthrene was all statistically higher in female cigarette smokers than in nonsmokers, but a smoking-related difference was not detected for the urinary excretion of the 1-hydroxyphenanthrene isomer ([@R79]).

Despite the sensitivity losses caused by high background exposure from nondiesel sources of PAHs in the environment, research has continued on the excretion of other marker metabolites. Although excreted in far smaller amounts than hydroxy isomers at the C~2~ and C~4~ position, 3-hydroxybenzo(*a*)pyrene has offered an alternative to the more traditional urinary metabolites. Whereas this metabolite has not been the focus of any diesel-related research, the feasibility of using this metric has been demonstrated in other occupational environments. Some studies have shown that that there is a long lag time in the excretion of 3-hydroxybenzo(*a*)pyrene in the urine of workers at seven different types of factories where PAHs are present ([@R67]). The excretion of this metabolite took place over a period of days with the highest urinary concentration observed 25 hr after the beginning of a work shift. These findings suggest that the best time for collecting a spot urine specimen was on the day following an exposure. Despite the relatively short half-life of approximately 9 hr, investigators have calculated a reference value equating the urinary concentration of 3-hydroxybenzo(*a*)pyrene with the occupational exposure limit for benzo(*a*)pyrene ([@R128]).

A more detailed examination of the relationship between airborne exposures to benzo(*a*)pyrene and the urinary concentration of 3-hydroxybenzo(*a*)pyrene showed a poor association between the two exposure metrics ([@R63]). Investigators postulated that the poor correlation with airborne measurements for workers in coke plants and graphite electrode manufacturing facilities was due to dermal absorption. Further, the urinary concentration and total mass of 3-hydroxybenzo(*a*)pyrene were less than 2-fold higher in smokers than in nonsmokers, and there was no relationship with the number of cigarettes smoked ([@R127]). These data allowed for the calculation of a population reference value of 0.014 nmol/mol of creatinine for nonsmoking and nonoccupationally exposed individuals and 0.03 nmol/mol of creatinine for smoking nonoccupationally exposed individuals.

Although some of the techniques described above may be suitable for routine use in special environments such as underground mines where diesel exhaust is the chief contaminant, the abundance of secondary PAH sources in most occupations and community environments precludes the use of PAH or its primary hydroxylated metabolites as measures of diesel exposure in the vast majority of situations. The high background levels of these substances in the environment would dramatically reduce the sensitivity of any biomarker measurements for diesel exhaust and obscure the association with diesel exhaust exposure.

### 3.. Nitrated Polycyclics {#s13}

There are a variety of semivolatile nitrated-PAHs adsorbed onto DPM. The relative stability of these substances and their potential contribution to the overall toxicity of diesel exhaust have attracted the attention of researchers looking to establish an exposure biomarker suitable for use in occupational environments. Early research with 1-nitropyrene demonstrated that this compound, when administered orally to rats, could form small amounts of chemically stable hemoglobin adducts that persist up to 24 hr after treatment ([@R239]). Similarly, metabolism studies in rats using C~14~-labelled 1-nitropyrene showed high levels of plasma protein binding along with the urinary excretion of 2-aminopyrene, which was determined to be the metabolite responsible for the observed protein adduct formation ([@R240]). These latter studies also demonstrated that adduct level in blood and plasma were still elevated when the last sample was collected at 36 hr postexposure. Extending these studies to humans, investigators found that workers in a bus garage with suspected, but not measured, exposures to diesel exhaust did not possess 1-nitropyrene or 2-nitrofluorene hemoglobin adducts levels that were appreciably higher than controls living in either an urban or rural location ([@R264]). Adduct levels for three other nitrated-PAHs, 3-nitrofluoranthrene, 9-nitrophenanthrene, and 6-nitrochrysene were below analytical detection limits for both the exposed and control populations. A difference in hemoglobin adduct levels could be detected between garage workers and controls using the sum total of all five nitrated-PAHs; but the general conclusion was that high background exposures to these substances limited the usefulness of this quantitative approach.

In more recent years, attention has shifted to other potential measures of nitrated PAH exposure. The BIOMODEM (Biomarkers for Occupational Diesel Exhaust Exposure Monitoring) study was established with funding from the European Union to explore the relationship between diesel exhaust exposure and various biomarkers of exposure and effect in underground miners ([@R208]). These studies have shown that personal exposures to the 1-nitropyrene found on respirable particulates in a shale-oil mine were 8-fold higher in workers inside the mine than in those above ground. Similarly, the 1-nitropyrene levels in respirable dust fractions for a large group of coal miners were shown to be 2- to 3-fold higher for those employed below ground than for those at the surface ([@R209]). Despite these differences in exposure concentration, however, there was no appreciable change in the level of 1-nitropyrene DNA adducts observed between miners underground and those at the surface ([@R123]).

Urinary levels of 1-nitropyrene metabolites have also been proposed as potential biomarkers for diesel exhaust exposure. Controlled human exposures to 300 *µ*g/m^3^ of the PM~10~ fraction from diesel exhaust for 1 hr resulted in a 6-fold increase in the urinary excretion of 1-aminopyrene relative to control subjects ([@R133]). There were, however, large interindividual variations in the 24-hr integrated urinary concentrations from a clean air control group that sometimes exceeded the values observed in the test subjects. The time to maximum urinary excretion also varied for the test subjects with two distinct subgroups identified using pharmacokinetic modeling techniques ([@R100]). The maximum elimination in the fast excretors (63% of the test subjects) occurred after a median interval of 5.4 hr, whereas the slow excretors (30% of the test subjects) displayed a maximum excretion time of more than 24 hr. The variability was presumed to be associated with either physiological (i.e., ventilation rate) or biochemical (i.e., metabolism rate) differences in the two subpopulations. In a very cursory study involving a small number of underground salt miners exposed to 1-nitropyrene from diesel exhaust at a concentration ranging from 0.5 to 3.0 ng/m^3^, the urinary elimination of 1-aminopyrene in a 24 hr specimen ranged from 2 to 200 ng ([@R215]). By comparison, the ambient air concentration of 1-nitropyrene inside school buses burning regular diesel fuel was found to be in the range of 1--2 pg/m^3^ ([@R259]), which calls into question the utility of this method when the exposures approximate those found in the general public.

Using a highly sensitive analytical method that included a sophisticated sample handling technique, four minor metabolites of 1-nitropyrene could be detected in the urine of baseline control subjects who were not intentionally exposed to diesel exhaust ([@R228]). By this method, 6-hydroxy-*N*-acetyl-1-aminopyrene, 8-hydroxy-*N*-acetyl-1-aminopyrene, 6- hydroxy-1-nitropyrene, and 8-hydroxy-1-nitropyrene could all be isolated from a large urine specimen as either their glucuronide or sulfate conjugates. The value of this approach is yet to be demonstrated in a large-scale study using a diesel-exposed population; however, given the sophisticated nature of the analytical method, routine use in population-based biomonitoring programs is highly unlikely. With further analytical refinement, however, these biomarkers could prove to be useful in an occupational setting.

Another potential biomarker generating considerable interest in both an occupational and community setting is 3-nitrobenzanthrone. This potent mutagen has been the subject of numerous studies detailing its toxic potential and mode of action. 3-Nitrobenzanthrone is found in substantial quantities in both DPM and ambient aerosols and is formed during fossil fuel combustion or as a result of the atmospheric nitration of benzanthrone ([@R61]). It has repeatedly been shown to interact with DNA and form stable adducts that are felt to be responsible for its genotoxicity ([@R13]). Surprisingly, although the macromolecular binding of 3-nitrobenzanthrone has been thoroughly explored in rodents, there is little information on DNA adduct formation in humans ([@R10]). Those studies that have been performed are generally restricted to human cell cultures where extensive binding was observed under a variety of treatment conditions ([@R168]). Likewise, the propensity for 3-nitrobenzanthrone to form hemoglobin adducts following metabolism to the corresponding amine is largely unknown. This is an area of research worth pursuing, however, given the relative ease of collecting hemoglobin via a routine blood specimen.

A different scenario has unfolded for 2-nitrobenzanthrone, which is found in DPM at concentrations that are 70-fold higher than 3-nitrobenxanthrone ([@R187]). The binding and mutagenicity observed with this isomer were far less than 3-nitrobenzanthrone due to its slower rate of reduction and activation to a reactive hydroxylamine metabolite ([@R11], [@R12]; [@R225]). Research on the use of 3-nitobenzanthrone as a biomarker is limited to a single occupational exposure study, where detectable levels of 3-aminobenanthrone were detected in 24-hr urine specimens from a small group of salt miners. Personal exposure measurements to DPM showed small trace airborne quantities of 3-nitrobenzanthrone that did not exceed 0.06 ng/m^3^ ([@R215]). Although research on the nitrobenzanthrones is still in its infancy, there is concern that high background concentrations resulting from atmospheric nitration reactions will limit the value of this approach ([@R101]).

Of the three biomarker categories listed above, the nitrated polycyclics hold the greatest promise for yielding an exposure marker that meets the sensitivity requirements of diesel exhaust. However, because many of these substances can be formed secondarily in the atmosphere, the vast majority are liable to have inadequate specificity in many exposure situations. The exception to this finding is 1-nitropyrene, which is not formed through atmospheric nitration reactions and is reasonably stable to further oxidative change following air dispersion. This substance also possesses other favorable characteristics including its emission following the use of both diesel and biodiesel blends and its relatively good resilience to exhaust stream removal by pollution control devices. Before 1-nitropyrene or its metabolites can be used on a routine basis, however, more research is needed to establish the exact relationship between external and internal exposure under a range of occupational conditions. This would necessitate additional validation studies under both controlled laboratory conditions and actual occupational operations. Although attractive as a biomarker for occupational exposure, 1-nitropyrene is unlikely to be suitable in a community environment because of its short biological half-life. In this setting, a more stable protein or hemoglobin adduct will need to be found that is representative of exposures periods lasting days rather than hours.

B.. Current Endeavors {#s14}
---------------------

The challenges facing researchers seeking to identify an exposure biomarker for diesel exhaust are daunting. Not only are there numerous sources of carbonaceous soot in the environment that possess physical and chemical characteristics similar to DPM, the compositional characteristics of diesel exhaust are constantly changing due to environmental influences and technological change. Ideally, any biomarker of exposure needs to be consistently present in DPM and absent from other common emission sources such as coal, wood, agricultural crops, trash, tobacco products, and gasoline exhaust. Although inroads have been made on several different fronts, to date there is no universally accepted approach to measuring the internal dose or body burden from diesel exhaust exposures. Research efforts have not abated, however, and there continues to be intense interest in this subject by groups and institutions throughout the world. There is a pervasive sense that continued research will lead to a solution in much the same way that cotinine was identified as a biomarker for cigarette smoke and levoglucosan for wood smoke ([@R23]; [@R154]). The question remains, however: what avenues of research show the greatest likelihood of success given what is known about the nebulous qualities of diesel exhaust in general and its individual constituents in particular? This review was performed, in part, to answer this question and to provide a blueprint for identifying both existing and emerging areas of research that could yield an approach for measuring internal dose in both an occupational and community setting.

### 1.. Nanoparticulates {#s15}

The mandated switch to more advanced pollution control devices has had a dramatic impact on the emissions DPM. Use of DPFs has been shown to decrease the mass emissions of PM by over 95% in heavy-duty vehicles ([@R92]). Although these devices have not yet come into widespread use within the US, retrofit rules are beginning to take effect in states such as California ([@R158]). In contrast, DPFs are common in Europe where the requirements of EURO IV have mandated large reductions in the emission of PM ([@R189]). One consequence of using these new pollution control devices is the emission of nanoparticulates with aerodynamic diameters of 50 nm or less ([@R96]). The carbon content of these nanoparticulates is, however, very low, and their composition is dominated by the presence of inorganic sulfates ([@R93]).

In diesel vehicles operating without advanced aftertreatment devices, over 90% of the particle numbers in the exhaust are emitted as carbon-based nanoparticulates ([@R121]). The soot nanoparticulates from diesel engines possess some unique structural characteristics that are unlike those emitted from a standard gasoline engine or a new technology diesel engine ([@R226]). Using transmission electron microscopy, these nanoparticulates were observed to have a very rough surface with an onion-like structure that possesses multiple shells or lamella. Imaging techniques allow a direct measurement of the length, spacing, and orientation of these lamellae within the nanoparticle. Using this method, the lamella for nanoparticles from diesel soot were shown to be distinguishable from those generated by burning vegetation, residential and industrial boilers, and jet engines ([@R246]). Furthermore, a comparison of the structural and physical properties of nanoparticulates from engines fueled with conventional diesel did not reveal any substantial difference with those from biodiesel blends ([@R83]).

Since much of the research on the structural characteristics of diesel nanoparticulates is still in its infancy, there are bound to be many new revelations in the coming years. Meanwhile, research on nanoparticulate exposures has intensified within the European Union, with six different organizations developing work groups to evaluate and control potential occupational health risks ([@R185]). Chief among these is the OECD Working Party on Manufactured Nanomaterials (WPMN) that was created in 2006 and has eight steering groups addressing specific issues regarding the safety and use of nanomaterials ([@R165]). The Exposure Measurement and Exposure Mitigation (EMEM) steering group, charged with identifying and compiling guidance information on manufactured nanomaterials, recently prepared a preliminary analysis that included a list of specifically recommended projects ([@R178]). Of the six projects outlined, the identification of exposure biomarkers is the most pertinent for diesel exhaust. Unlike the nanoparticle-related research activities of other groups, the work of this committee stands out because exposure, rather than effect, biomarkers are specifically being targeted. Although there are numerous challenges to developing a selective biomarker, not the least of which is first identifying a suitable method for sample collection and exposure monitoring, the organizational structure is now in place to promote the requisite research ([@R214]).

### 2.. Nitropyrene {#s16}

As noted previously, interest in the use of nitrated-PAHs as potential exposure biomarkers has been tempered by the fact that many of these substances can be formed in the atmosphere when unsubstituted PAHs react with nitrate radicals. Regardless, several nitrated-PAHs in diesel exhaust still hold considerable promise as exposure biomarkers. This is particularly true for 1-nitropyrene, which is found in diesel and biodiesel exhaust in relatively high amounts with small background contributions from photochemical nitration reactions ([@R156]). In addition, the use of DPFs for emission control did not affect 1-nitropyrne emission factors to as great a degree as other PAHs ([@R195]). This has stimulated research into the use of urinary 1-nitropyrene and its metabolites as biomarkers of occupational exposure to diesel exhaust. Although partially validated, the urinary measurement of 1-nitropyrene or its metabolite, 2-aminopyrene, needs to undergo further evaluation before it can be used on a broad scale. Researchers at the University of Washington Simpson Laboratory and the Pharmaceutical Division at Kanazawa University have an established track record of involvement with 1-nitropyrene and have been actively involved in the development of new analytical approaches and monitoring techniques for this substance ([@R228]). Given their past success, there is a distinct possibility that new findings may be forthcoming from these research teams that will expand and improve on the current state of the science. Likewise, it is equally possible that other researchers have taken notice of the advantages offered by 1-nitropyrene and will refocus their efforts on this promising area of study.

The University of Washington, in particular, has one unique asset that could be of great value in any collaborative effort at biomarker identification. The Department of Environmental and Occupational Health Science has recently completed construction of a diesel exhaust exposure facility suitable for use with human volunteers ([@R73]). This state-of-the-art exposure chamber is capable of providing controlled exposures to freshly generated diesel exhaust from a heavy-duty diesel engine. The exposure facility is capable of delivering exposures under a range of engine operating conditions using advanced dilution control systems to provide a well-mixed exhaust stream. Although the analytical capabilities associated with the routine operation of the chamber appear to be limited to elemental and organic carbon as well as some trace elements, this is an easily resolved problem that would not hinder use of the chamber for validation experiments. The availability of this resource provides an excellent opportunity to link new analytical developments to a controlled laboratory setting where the relationship between internal dose and external exposure can be fully explored.

### 3.. Protein/Hemoglobin Adducts {#s17}

A significant difficulty in identifying and validating a reliable biomarker for diesel exposure is the relatively short half-life that most parent chemicals and metabolites have in the human body. Since the time interval between exposure termination and specimen collection in most large-scale biomonitoring programs is rarely known with any certainty, the clearance rate of a targeted biomarker can have a big influence on the amount detected in a specimen at any particular point of time ([@R105]). One approach to reducing the large interindividual differences caused by variations in the postexposure body burden is to select a biomarker with a long biological half-life.

Given the complex and often variable nature of diesel exhaust exposures, protein adducts provide a very attractive alternative for overcoming the high variance associated with more traditional measures such as parent or metabolite levels in a blood or urine specimen. Measurement of hemoglobin adducts is an extremely powerful biomonitoring approach since they persist for months in the bloodstream, providing exposure assessors with a historical record of exposures over a period of weeks rather than hours or days. This feature has been exploited and used to identify many useful exposure biomarkers for agents such as ethylene oxide, butadiene, epichlorohydrin, and styrene ([@R26]; [@R179]). Monocyclic and polycyclic quinones, such as those present in diesel exhaust, are generally highly reactive and capable of forming albumin and hemoglobin adducts that are stable for periods of a month to four months, respectively ([@R76]). Although some polycyclic quinones are too reactive to be absorbed intact through the lungs without first being scavenged by other nucleophilic receptors, diesel exhaust contains several unique quinones, such as 9,10-phenanthroquinone and 2-methyl-9,10-anthraquinone, whose reactivity may be sufficiently low that blood protein adducts may be detected following an exposure ([@R160]). An example of a recent success in this regard is the use of 1,2-naphthoquinone albumin adduct as a biomarker for occupational naphthalene exposure in coke-oven workers ([@R245]).

Another potential source of hemoglobin or protein adducts are aromatic and aliphatic aldehydes. Diesel exhaust has been shown to contain several reactive aldehydes, including *t*-cinnamaldehyde, 2-ethylbenzaldehyde, and 4-biphenylcarboxaldehyde that are not found in gasoline exhaust to any appreciable degree ([@R104]). Aldehydes of this nature have been shown to form adducts with the *N*-terminal valine residue of hemoglobin ([@R229]). Although research has yet to be conducted with any of the higher molecular weight aldehydes found in diesel exhaust, the methodological approaches for examining these substances are not substantially different from those currently in use. Given the relative abundance of European laboratories with expertise in the identification hemoglobin adducts for biomonitoring purposes, expertise is in place to search for a distinctive adduct that accompanies diesel exhaust exposures ([@R110]). Although there is no records to show that any of any these laboratories is actively pursuing research with diesel exhaust, the possibility cannot be overlooked.

### 4.. Phthalic Acid {#s18}

It has been known for nearly 20 years that aromatic and aliphatic dicarboxylic acids in the C~2~--C~10~ range are common in atmospheric aerosols from urban areas ([@R116]). The primary source of these dicarboxylic acids was initially presumed to be the exhaust of gasoline- and diesel-powered engines since their emission was many fold higher than other urban sources. Further research revealed, however, that these substances had many direct and indirect sources including their release during wood burning and meat cooking ([@R205]). Because of their polarity, these substances possess some peculiar characteristics that distinguish them from other more hydrophobic substances. First, polycarboxylic acids, keto acids, and dicarbonyls are all associated with the water-soluble organic fraction (WSOC) that can be extracted from urban aerosols. Second, WSOC materials are thought to be intimately associated with the formation of SOAs in the troposphere through their condensation on atmospheric nuclei ([@R81]). Finally, once formed, these substances are relatively stable to further atmospheric transformation processes that can alter their oxidation state.

Research has shown that low molecular weight aliphatic dicarboxylic acids such as butanedioic, hexanedioic, and propanedioic acid are formed through the photooxidation of airborne precursors, whereas high molecular weight aromatic polycarboxylic acids are emitted directly from vehicle exhaust as well as other combustion sources ([@R64]). Although there has been an intensive effort at identifying potential dicarboxylic markers for source attribution studies, most investigations have revealed that the majority of polycarboxylic and ketocarboxylic acids are either emitted by nonspecific sources or formed secondarily through photooxidation reactions ([@R248]). Still, a few studies suggest that some polycarboxylic acids, such as oxalic and phthalic, may be uniquely associated with vehicle exhaust emissions ([@R95]; [@R112]).

A research program currently underway at Environment Canada has yielded some very intriguing findings that may hold promise for the identification of an exclusive biomarker for diesel exhaust exposure. Using a highly sensitive capillary electrophoresis/electrospray ionization mass spectrometry method, a select group of polycarboxylic acids were detected in the water-soluble extract of aerosol samples ([@R52]). The analysis showed the presence of a single substance, 4-hydroxyphthalic acid, in the PM~2.5~ from diesel exhaust that was absent when same particulate fraction was isolated from gasoline exhaust ([@R254]). Since this substance was also detected in urban aerosol, the authors concluded that it may be a useful tracer for diesel exhaust emissions. Although these studies are preliminary and failed to include a full array of particulates from other source types, they are worth looking at more closely since 4-hydroxyphthalic acid possesses several of the preferred characteristics for a good exposure biomarker. For instance, its high aqueous solubility favors rapid and extensive pulmonary absorption and the high oxidation state limits further metabolism and helps maintain high measurable levels in blood or urine specimens. These properties are supported by pharmacokinetic research with an analogous chemical, phthalic acid, which is excreted unchanged in the urine of treated rats in substantial amounts (i.e., 20--25% of the dose) within 8 hr of treatment ([@R251]). Scaling these results to humans would imply a sufficiently long half-life for routine detection in the urine of exposed individuals. Some studies suggest, however, that the diesel exhaust emissions of dicarboxylic acids may be quite variable, depending on the type of fuel being used ([@R199]). Still, the initial findings are tantalizing and worth closer scrutiny.

C.. Future Opportunities {#s19}
------------------------

Research into the chemical composition of diesel exhaust has evolved steadily as new analytical methodologies have been developed. Hundreds of papers have been published in the last 2--3 years that contain relevant information helping to elucidate its chemical and physical nature. Perhaps the greatest achievement during this period has been the creation of a Diesel Speciation Database (DSD) that contains a compilation of all emissions test results for a variety of engine categories, model years, and fuel types ([@R97]). This truly ambitious project has resulted in the first-ever collection of findings from nearly 60,000 different test cycles. The information has been segregated in such a fashion that the average emission factors for 928 individual chemical substances can be extracted and tracked as a function of vehicle age ([@R163]). Although created primarily as an aid to the development of emission inventories and mass balance models, the database also provides an opportunity to systematically search for potential biomarkers that meet many of the longevity, specificity, and mass abundance criteria associated with an ideal exposure metric.

For the purposes of this report, the DSD was not specifically mined for biomarker candidates. Instead, the database was used to list several substance categories worthy of a more thorough evaluation. The list does not represent a comprehensive and exhaustive look at all of the chemical categories found in diesel exhaust, but instead represents a targeted examination of those chemical substances that could potentially lead to fruitful avenues of research. Despite all of the research conducted to date, a large number of unidentified chemicals still remain in diesel exhaust ([@R65]). Hundreds of substances may have escaped identification and quantitation simply because they failed to fall into one of the targeted categories. For instance, mercaptans, aminocarbolines, nitrophenols, and sulfur heterocyclics have all been detected in diesel exhaust, but the extent of their presence under various operating conditions is largely unknown ([@R148]; [@R141]; [@R49]). New substances will continue to be identified as analytical methods improve and knowledge of the combustion process advances, but for now the following substance categories have been highlighted in the hopes of stimulating a more advanced analysis of their potential utility.

### 1.. Carbonyls {#s20}

The carbonyl category provides a particularly attractive source of potential biomarkers for monitoring diesel exhaust exposure. Not only do aromatic and aliphatic carbonyls account for a sizable percentage of the organic compounds emitted in diesel exhaust, but their emissions per unit of distance traveled are substantially greater than for gasoline-powered vehicles ([@R136]). Detectable quantities of aldehydes, ketones, and dicarbonyls can all be measured in both dynamometer testing and roadway tunnel studies. Up to 60% of the gas-phase mass emissions from medium-duty diesel trucks were found to be C~1~--C~13~ carbonyls in dynamometer tests ([@R204]). The most commonly detected carbonyls included formaldehyde, acetaldehyde, acetone, propanal, butanone, and crotonaldehyde, which account for over half of the carbonyl mass emissions. Tunnel studies have shown that carbonyl emission factors for light-duty vehicles fueled with gasoline is 6.4 mg/km, whereas the value for heavy-duty diesel trucks is 26.1 mg/km ([@R77]). Although not true for all carbonyls, the average emission of formaldehyde has steadily declined with the introduction of new engine technologies and more advanced pollution control devices ([@R163]). In contrast, the emission of many low molecular weight aliphatic aldehydes has increased with the use of biodiesel blends containing progressively higher amounts of FAME biofuels ([@R48]).

The carbonyl compounds isolated from diesel exhaust include saturated and unsaturated aliphatic aldehydes, aromatic and alicyclic aldehydes, aliphatic and aromatic ketones, and aliphatic and aromatic dicarbonyls. Tunnel estimates of exhaust emission factors have shown that the diesel to gasoline ratio generally ranges from 3 to 10 for the most common carbonyls with the highest ratios observed with saturated aliphatic aldehydes ([@R19]). The carbonyl emission factors observed in tunnel studies can be orders of magnitude higher than the values from chassis dynamometer testing, but the difference is highly dependent on the engine operating mode with the idling and creep conditions producing higher factors than the cruise mode ([@R202]).

Tunnel studies have also yielded some important clues regarding the nature and variety of carbonyls emitted in diesel exhaust. In fact, some studies have shown that over 100 different carbonyls can be identified and quantified inside busy roadway tunnels ([@R68]). In general, however, the list of notable carbonyls in diesel exhaust usually numbers between 40 and 50 ([@R97]). Although methods exist to separately calculate the emission factors for diesel- and gasoline-fueled vehicles by keeping track of the number of light- and heavy-duty vehicles passing through a tunnel, this approach is less precise than the independent dynamometer testing of each vehicle type. Dynamometer testing provides the best data for identifying chemical substances that are uniquely associated with diesel engine exhaust. As noted earlier, however, the emission factor measurements from dynamometer testing may be biased because the degree of exhaust dilution in this test system is substantially less than what is observed under actual driving conditions.

Dynamometer testing has shown that exhaust carbonyls are emitted in both the gas and particle phases ([@R102]). As shown in [Table 2](#T2){ref-type="table"}, the carbonyl levels in the gas phase are often many times higher than the levels found on PM, and that the mass recovered from diesel-generated particulates is substantially greater than the amount from gasoline ([@R104]). Carbonyls also comprise approximately 19% of the particulate OC from low-emission light-duty vehicles and 37% of the OC from light-duty vehicles equipped with an oxidation catalyst, so these pollution control devices increase the emission of carbonyls through the oxidation of the precursor hydrocarbons. The individual emission factors for heavy-duty vehicles were substantially greater than light-duty vehicles with idling heavy-duty trucks showing the highest emissions. Of the 59 carbonyls identified, 10 substances (bold type) were uniquely identified in the gas or particle phase of diesel exhaust with no comparable presence in gasoline exhaust. The ability of these substances to form characteristic protein adducts following systemic absorption would qualify their selection as potentially attractive exposure biomarkers. In addition, there is an abundance of analytical approaches for measuring ambient air exposures to these chemicals, which would greatly aid the validation process. A more exhaustive survey of other combustion sources is needed to confirm the specificity of these substances for diesel exhaust.

###### 

Emission factors for carbonyls in the gas and particle phases of diesel and gasoline exhaust ([@R104])

                                 Light-duty gasoline emission factor (*µ*g/L)   Heavy-duty diesel emission factor (*µ*g/L)              
  ------------------------------ ---------------------------------------------- -------------------------------------------- ---------- ---------
                                 Aliphatics                                                                                             
  Propanal                       70                                             87                                           160        210
  Butanal                        1900                                           27                                           8800       500
  Isobutanal                                                                    1.7                                                     21
  Pentanal                       770                                            7.6                                          2100       170
  Hexanal                        420                                            3.6                                          7000       540
  Heptanal                       18                                             13                                           690        160
  Octanol                        35                                             1.2                                          590        35
  Nonanal                        390                                            8.1                                          140        260
  Decanal                        110                                            2.3                                          860        140
  Undecanal                      18                                                                                          380        Det
  Dodecanal                      56                                                                                          410        59
  Tridecanal                     17                                                                                          380        
  **Tetradecanal**                                                                                                           **1600**   
                                 Aliphatic ketones                                                                                      
  2-Butanone                     54                                             6                                            98         
  **3-Pentanone**                                                               **0.2**                                      **34**     **6.3**
  **2-Pentanone**                                                                                                            **28**     **11**
  **2-Hexanone**                                                                                                             **350**    **110**
  2-Heptanone                    220                                            5.3                                          140        
  2-Octanone                     3.9                                                                                         180        
  2-Nonanone                     2.4                                                                                         740        
                                 Unsaturated aliphatics                                                                                 
  Acrolein                       4.3                                            0.4                                          22         140
  Methacrolein                                                                                                                          38
  **Methyl vinyl ketone**                                                       **2.1**                                      **210**    **310**
  Crotonaldehyde                 2.5                                            1.5                                          29         41
  t-2-methyl-2-butenal           0.5                                                                                                    
  3-methyl-2-butenal             7.5                                            0.5                                          83         37
  t-2-hexanal                                                                                                                           3.6
  4-hexen-3-one                  1.2                                            0.3                                          14         5.7
  5-hexen-2-one                                                                                                              4.9        
                                 Cyclic aliphatics                                                                                      
  2-methyl-2-cyclopentenone      0.7                                            0.1                                          27         
  3-methyl-2-cyclopentenone      1.6                                                                                         89         16
  2-cyclohexenone                2                                              Det                                          41         34
                                 Aliphatic dicarbonyls                                                                                  
  Glyoxal                        21                                             7.9                                          140        170
  Methyl glyoxal                 550                                            46                                           4200       1400
  2,3-Butanedione                                                               0.4                                                     
  **2,3(& 2,4)-Pentanedione**                                                   **Det**                                      **3**      **2.1**
  2,3-Hexanedione                55                                             32                                           3200       1200
  2,5-Hexanedione                23                                             4.1                                          290        110
                                 Aromatic aldehydes                                                                                     
  Benzaldehyde                   9.7                                            9.5                                          660        130
  *o*(& *m*)-tolualdehyde        11                                             4.3                                          210        1.9
  *p*-tolualdehyde               26                                             4                                            180        2.8
  **t-Cinnamaldehyde**                                                                                                       **36**     
  3,4,-Methyl-benzaldehyde       19                                                                                          100        
  **2-Ethyl-benzaldehyde**                                                                                                   **130**    
  4-Ethyl-benzaldehyde           14                                                                                          500        
  1-Naphthaldehyde               9.3                                                                                         230        
  2-Naphthaldehyde               10                                                                                          380        
  **4-Biphenylcarboxaldehyde**                                                                                               **100**    
                                 Aromatic ketones                                                                                       
  Acetaphenone                   4                                              1.2                                          230        1.8
  1-Indanone                     5.7                                                                                         75         
  9-Fluorenone                   2.9                                            0.3                                          190        24
  Benzophenone                   1.7                                            0.7                                          88         20
  **Perinaphthenone**                                                                                                        **38**     **43**
  Xanthone                                                                                                                              5
                                 Aromatic dicarbonyls                                                                                   
  1,2-Acetylbenzene              11                                                                                          49         
  1,3-Acetylbenzene              7.9                                                                                         130        
  1,4-Acetylbenzene              2                                                                                           28         
  1,8-Naphthalic anhydride                                                                                                              130

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

### 2.. Quinones {#s21}

The oxygenated PAHs associated with diesel exhaust have two sources: the fuel combustion process itself and the photochemical oxidation of soot adsorbed PAHs by reaction with atmospheric hydroxyl radicals ([@R124]). Although oxygenated PAHs can be traced to the incomplete combustion of many materials including wood, coal, and agricultural debris, there is relatively little information on the contribution of these alternative sources to the overall atmospheric burden ([@R247]). For convenience, this category of substances has been narrowed down to those oxygenated-PAHs containing carboxylic oxygen atoms in the form of a quinone or ketone. These compounds have a strong affinity for diesel soot and are preferentially bound to DPM when they possess three or more aromatic rings ([@R166]). In contrast, simpler quinones such as 1,4-benzoquinone exist primarily in the gas phase due to their high vapor pressure ([@R103]).

Two of the more commonly encountered oxygenated-PAHs, 9-fluorenone and anthraquinone, have been detected in diesel fuel and oil as well as diesel exhaust ([@R261]). Beyond these rather ubiquitous oxygenated-PAHs, a limited group of high molecular weight substances have also been isolated from diesel particulates. [Table 3](#T3){ref-type="table"} lists some of the oxygenated-PAHs that have been isolated and identified in separate evaluations of diesel exhaust emissions. The list shows that a range of high molecular weight aldehydes and quinones have been detected in exhaust streams, but the comparison suggests that there is little agreement across test conditions. This is due in part to the capabilities of the analytical methodologies employed and the specific goals of the study. The aim of some studies was to compare the relative abundance of individual oxygenated PAHs in PM from a small select group of combustion products without any attempt at covering the full range of possible sources. For instance, the study by Cho et al. revealed that quinone concentrations were 20- to 70-fold lower in urban dust samples than in diesel soot ([@R43]). These same studies also found that fine PM from Los Angeles air samples contained 1,4-nahthoquinone and 9,10-phenanthroquinone at levels that were consistent with those from diluted vehicle exhaust. Other studies have demonstrated that nine of the oxygenated-PAHs in diesel soot from a passenger car were present at concentrations less than or equal to the levels emitted by a gasoline engine ([@R177]). In a separate study performed with passenger automobiles, 9,10-anthraquinone, 9,10-phenanthroquinone, and aceanthrenequinone were uniquely associated with diesel particulates with no measurable amounts found in the exhaust particulates from gasoline-powered vehicles ([@R103]). A comparison of oxygenated-PAHs from diesel particulate with those found in sediment and urban dust revealed that the concentrations in DPM were 2- to 6-fold higher for five of the nine chemicals, with a particularly high difference observed for 4H-cyclopenta\[*def*\]phenanthrene-4-one ([@R134]). Although these findings are notable, testing with a more complete range of combustion sources is needed to verify the relevance of these results.

###### 

Studies determining oxygenated PAH concentrations in diesel exhaust PM

  Oxygenated PAH                             ([@R177]) (*µ*g/g)   ([@R137]) (*µ*g/m^3^)   ([@R43]) (*µ*g/g)   ([@R238]) (*µ*g/g)   ([@R103]) (*µ*g/g)   ([@R134]) (*µ*g/g)   ([@R160]) (*µ*g/g)   ([@R220]) (*µ*g/mL)
  ------------------------------------------ -------------------- ----------------------- ------------------- -------------------- -------------------- -------------------- -------------------- ---------------------
  9,10-Anthraquinone                         5.6                  23                      40.4                58                   43                   47.7                 37.5                 ---
  9,10-Phenanthroquinone                     ---                  ---                     24.4                3.5                  14                   ---                  26.1                 ---
  2-Methyl-9,10-anthraquinone                2.7                  ---                     ---                 ---                  ---                  ---                  30.3                 ---
  1,2-Benzofluorenone                        ---                  ---                     ---                 ---                  ---                  15.9                 4.8                  ---
  Benzanthrone                               6.9                  ---                     ---                 ---                  ---                  36.9                 8.7                  ---
  5,6-Chrysenequinone                        ---                  ---                     ---                 ---                  ---                  ---                  \<10.4               ---
  2-Fluorenecarboxaldehyde                   ---                  ---                     ---                 ---                  ---                  ---                  \<6.3                ---
  1,2-Benzanthraquinone                      3.6                  ---                     ---                 ---                  ---                  BDL                  \<4.0                ---
  5,12-Naphthacenequinone                    0.7                  ---                     ---                 ---                  ---                  9.0                  \<29.3               ---
  1,2-Naphthoquinone                         ---                  ---                     13.7                53                   20                   ---                  ---                  ---
  1,4-Naphthoquinone                         ---                  ---                     7.9                 30                   9.4                  ---                  ---                  0.81
  9-Fluorenone                               2.9                  17                      ---                 ---                  ---                  24.9                 ---                  0.73
  9,10-Anthroquinone                         ---                  ---                     40.4                ---                  ---                  ---                  ---                  ---
  benzoi\[*c,d*\]pyrenone                    ---                  ---                     ---                 ---                  ---                  9.2                  ---                  ---
  1,4-Anthraquinone                          ---                  ---                     ---                 ---                  ---                  BDL                  ---                  ---
  4H-Cyclopenta\[*def*\]phenanthrene-4-one   ---                  ---                     ---                 ---                  ---                  6.9                  ---                  ---
  9-Phenanthrenecarboxaldehyde               2.6                  42                      ---                 ---                  ---                  ---                  ---                  ---
  Naphthaldehyde                             4.3                  52                      ---                 ---                  ---                  ---                  ---                  ---
  Aceanthrenequinone                         2.3                  ---                     ---                 ---                  20                   ---                  ---                  ---
  1-Naphthalenol                             ---                  ---                     ---                 ---                  ---                  ---                  ---                  0.14
  1-Phenanthrenol                            ---                  ---                     ---                 ---                  ---                  ---                  ---                  0.28
  Anthracenone                               ---                  ---                     ---                 ---                  ---                  ---                  ---                  0.47
  1H-phenalen-1-one                          ---                  ---                     ---                 ---                  ---                  ---                  ---                  0.16

BDL --- below detection limit.

Regardless, the information from these studies provides tantalizing clues on the types of substances uniquely associated with diesel exhaust. In this regard, the recently published work of Mirivel et al. is perhaps the most significant and worthy of the closest scrutiny ([@R160]). As shown in [Table 4](#T4){ref-type="table"}, when the levels of individual oxygenated-PAHs from diesel soot are compared with other potential sources, including kerosene soot as well as reference PM for urban air, indoor air, and vehicle exhaust, an interesting pattern emerges. Two substances, 9,10-phenanthroquinone and 2-methyl-9,10-anthraquinone, display a relatively high abundance in diesel particulates relative to other particle sources. These data suggest that 9,10-phenanthroquinone and 2-methyl-9,10-anthraquinone may meet the specificity requirements for a diesel exhaust biomarker. Amongst other factors, the relative abundance of secondarily formed quinones needs closer scrutiny since atmospheric photooxidation has been shown to be an important source of these substances in ambient air ([@R124]). For instance, relatively high levels of 9,10-phenanthroquinone and 2-methyl-9,10-anthraquinone have been detected in urban air samples from the city of Athens ([@R5]). In addition, an examination of 9,10-phenanthroquinone concentrations in an air parcel moving across the Los Angeles metropolitan suggested that approximately 90% of the mass was the result of photochemical formation ([@R59]). These data underscore the need to proceed with a good understanding of the fate processes affecting the environmental degradation of freshly emitted diesel exhaust. This effort can be aided by the use of multimedia and structure-activity models to evaluate the environmental distribution and atmospheric photooxidation potential of candidate substances using tools such as the EPI (estimation program interface) Suite developed by the US EPA ([@R236]).

###### 

Quinones adsorbed to PM isolated from different sources ([@R160])

                                    Particulate concentration (*µ*g/g)                                                  
  --------------------------------- ------------------------------------ ------------ --------- ------------ ---------- ---------
  9,10-Anthraquinone                37.5                                 39.3         3.2       1.7          14.1       2.4
  **9,10-Phenanthroquinone**        **26.1**                             **\< 1.6**   **0.5**   **\< 0.1**   **11.4**   **1.1**
  **2-Methyl-9,10-anthraquinone**   **30.3**                             **\< 4.5**   **1.4**   **0.5**      **4.1**    **1.0**
  1,2-Benzofluorenone               4.8                                  11.7         2.5       0.9          1.5        2.0
  benzanthrone                      8.7                                  227.2        4.5       0.6          1.9        4.6
  5,6-Chrysenequinone               \< 10.4                              \< 39.9      \< 2.5    \< 2.3       \< 1.5     \< 3.7
  2-Fluorenecarboxaldehyde          \< 6.3                               1,128.1      \< 1.5    \< 1.4       \< 0.9     \< 2.3
  1,2-Benzanthraquinone             \< 4.0                               \< 15.4      3.3       1.6)         \< 0.6     3.4
  5,12-Naphthacenequinone           \< 29.3                              \< 112.9     \< 7.0    \< 6.5       \< 4.2     \< 10.5

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

### 3.. Nitrated Polycyclics {#s22}

The nitrated PAH category contains a somewhat less attractive source of potential biomarkers because of the secondary influences from atmospheric processing. Nitrated-PAHs are formed both by incomplete combustion and by transformation reactions in the atmosphere catalyzed by hydroxyl radicals during the daytime and nitrate radicals at night ([@R14]). The relative amounts formed by these different processes are affected by the radical source concentrations found at different times of the day and seasons of the year ([@R196]). Ambient air measurements of nitrated-PAHs indicate that most are formed secondarily in the gas phase from their analogous PAH parent, then adsorbed onto soot to some degree ([@R17]). Nitrated-PAHs containing two rings are generally found in the gas phase, whereas the 3--4 ring substances are found in urban particulates at gas-to-particle ratios ranging from 0.1 to 1.7 ([@R39]). Concentrations of individual nitrated-PAHs can differ widely between regions with countries in Eastern Europe having higher concentrations than those in the west ([@R224]). Research suggests that 2-nitropyrene and 2-nitrophenanthene are formed solely following photochemical oxidation, and that 1-nitropyrene is perhaps the best marker for diesel exhaust since it is formed mostly during the combustion cycle ([@R156]). The ratio of 2-nitropyrene to 1-nitropyrene is therefore a good indicator of the diesel source contribution under a particular set of circumstances ([@R157]).

Nearly 30 different nitrated and dinitrated PAHs have been identified in diesel exhaust. A wide variety of extraction and analytical methods have been developed to separate and quantify individual nitrated-PAHs ([@R262]). These include both gas and liquid chromatographic methods using chemical ionization detection in conjunction with mass spectrometry or tandem mass spectrometry for speciation. [Table 5](#T5){ref-type="table"} provides a compendium of studies focusing on the isolation and identification of nitrated-PAHs from diesel particulates collected from vehicle exhaust streams or supplied as a standard reference material (SRM) by the US National Institute of Standards. A comparison of the results from the various studies underscores the high proportion of 1-nitropyrene in diesel exhaust and suggests that opportunities may exist with several other biomarker candidates. High concentrations of 9-nitroanthracene and 6-nitrobenz\[*a*\]pyrene were consistently detected in the various diesel exhaust samples. Both chemicals were also identified in urban air samples with 9-nitroanthracene (3-ring) existing primarily, but not exclusively, in the gas-phase and 6-nitrobenz\[*a*\]pyrene (4-ring) occurring wholly in the particle phase ([@R9]). Particulates from four Brazilian cities typically showed the presence of both 9-nitroanthracene and 6-nitrobenz\[*a*\]pyrene in airborne samples with maximum concentrations of 191 pg/m^3^ and 116 pg/m^3^, respectively ([@R243]). The level of both chemicals was approximately 2- to 4-fold higher in urban PM collected in the winter compared to the summer ([@R55]). Assuming diesel as the predominant winter fuel and that seasonal biomass burning is not a factor, these data tend to suggest that the source of these substances was primarily from fuel combustion rather than atmospheric photooxidation. If this fact holds true, then 9-nitroanthracene and 6-nitrobenz\[*a*\]pyrene may have value as potential markers of diesel exhaust exposure.

###### 

Studies determining nitrated-PAH concentrations in diesel exhaust PM

  Nitrated PAH                 ([@R160]) (*µ*g/g)   ([@R54]) (*µ*g/g)   ([@R175]) (*µ*g/g)   ([@R203]) (*µ*g/g)   ([@R18]) (*µ*g/g)   ([@R51]) (*µ*g/g)   ([@R234]) *µ*g/g)   ([@R182]) (*µ*g/g)   ([@R117]) (*µ*g/g)
  ---------------------------- -------------------- ------------------- -------------------- -------------------- ------------------- ------------------- ------------------- -------------------- --------------------
  1-Nitrofluoranthene          \<0.4                ---                 0.3                  ---                  0.3                 ---                 ---                 ---                  ---
  2-Nitrofluoranthene          ---                  ---                 0.2                  ---                  ---                 ---                 ---                 ND                   ---
  3-Nitrofluoranthene          \<0.3                0.8                 0.06                 \<0.03               0.07                0.05                0.2                 ND                   3.2
  **9-Nitroanthracene**        **8.5**              **100**             **5.9**              **0.9**              **6.1**             **13.0**            **---**             **0.3**              **3.2**
  7-Nitrobenz\[a\]anthracene   \<0.2                ---                 1.0                  2.2                  1.0                 0.04                ---                 ---                  ---
  6-Nitrochrysene              \<0.2                ---                 0.5                  \<0.03               0.04                0.04                ---                 ---                  1.3
  1-Nitropyrene                8.6                  40.8                18.2                 16.1                 18.3                16.0                20.2                1.1                  36.3
  2-Nitropyrene                \<0.8                ---                 ---                  ---                  \<0.004             ND                  ---                 ---                  ---
  1-Nitronaphthalene           ---                  0.3                 ---                  ---                  ---                 ---                 ---                 1.9                  ---
  2-Nitronaphthalene           \<2.3                1.4                 0.2                  0.1                  0.2                 0.1                 0.2                 ---                  
  5-Nitroacenaphthene          \<2.5                ---                 0.4                  ---                  0.04                0.05                ---                 ---                  ---
  1,5-Dinitronaphthalene       2.1                  ---                 ---                  ---                  ---                 ND                  ---                 ---                  ---
  2-Ditrofluorene              \<1.5                ---                 0.5                  0.2                  0.05                0.04                0.6                 ---                  ---
  **6-Nitrobenz\[a\]pyrene**   **0.4**              **---**             **1.4**              **1.4**              **1.4**             **1.0**             **---**             **---**              **1.4**
  3-Nitrophenanthrene          ---                  0.8                 ---                  ---                  ---                 ---                 ---                 ---                  ---
  9-Nitrophenanthrene          ---                  3.9                 ---                  ---                  ---                 ---                 ---                 ---                  ---

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

Use of pollution control devices has been shown to impact the emission of some nitrated-PAHs such as 9-nitroanthracene, which is emitted in appreciably higher amounts when DPFs are used in conjunction with some fuel types ([@R89]). On the contrary, use of low-sulfur fuel in a modern heavy-duty diesel engine has been shown to dramatically decrease the emission of 9-nitroanthracene along with many other nitrated-PAHs, but modestly increase the emission of 9-nitrophenanthracene ([@R145]). Since the nitrated-PAHs found in cigarette smoke are restricted to substances possessing less than 3-rings, the ambient air concentration of these two potential candidates is not affected by this commonly found interferent ([@R85]).

A detailed examination of the nitrated-PAHs in SRMs supplied by several recognized government agencies revealed the presence of several other potential biomarkers of diesel exhaust ([@R18]). The list of nitrated-PAHs shown in [Table 6](#T6){ref-type="table"} were identified in standardized test samples for urban air and diesel exhaust using an improved extraction and cleanup procedure prior to analysis by gas chromatography/tandem mass spectrometry. Of particular interest is the prevalence of the three dinitropyrenes in the diesel exhaust samples. Although there is a limited amount of information available on these substances, some urban air measurements have been performed. Two of the three dinitropyrenes, 1,3-dinitropyrene and 1,8-dinitropyrene, were detected in winter, but not summer, air samples from the city of Strasbourg, Germany, at concentrations ranging as high as 21 pg/m^3^ ([@R55]). As noted in [Table 7](#T7){ref-type="table"}, studies have shown that these three compounds are not found in appreciable quantities in gasoline exhaust, tire debris, or asphalt paste ([@R183]). The concentration of 1,3-dinitropyrene and 1,8-dinitropyrene in aerosol samples has been shown to decrease in expected fashion with urban particulates \> suburban particulates \> rural particulates ([@R4]). None of these dinitropyrenes could be detected in street runoff samples from a busy highway in Japan ([@R164]).

###### 

Concentration (mean ± *SD*) of nitrated-PAHs in standard reference materials and urban air samples ([@R18])

                                     Urban air particulate concentration (ng/g)   Diesel exhaust particulate concentration (ng/g)                                              
  ---------------------------------- -------------------------------------------- ------------------------------------------------- ------------- -------------- ------------- ------------------
  1-Nitronaphthalene                 9.3±0.4                                      6.8±0.3                                           8.2±0.3       42.1±2.7       13.6±0.5      86.4±2.3
  2-Nitronaphthalene                 7.9±0.4                                      10.0±0.5                                          7.1±0.2       124±4          37.1±0.9      238±3
  2-Nitrobiphenyl                    \<5                                          \<5                                               \<5           \<7            \<7           15.3±3.7
  3-Nitrobiphenyl                    4.4±0.1                                      3.6±0.5                                           2.5±0.3       \<7            \<7           58.1±1.6
  5-Nitroacenaphthene                3.6±0.4                                      3.1±0.3                                           1.7±0.2       \<10           \<10          37.0±2.9
  2-Nitrofluorene                    \<2                                          \<2                                               \<2           \<2            \<2           46.2±2.6
  **9-Nitroanthracene**              **134±9**                                    **359±0.6**                                       **123±5**     **2928±63**    **1284±16**   **6080±190**
  9-Nitrophenanthrene                2.8±0.2                                      1.7±0.1                                           8.9±0.5       454±20         205±5         510±9
  4-Nitrophenanthrene                1.0±0.2                                      0.47± 0.03                                        0.59±0.03     25.4±1.0       10.8±1.4      150±4
  3-Nitrophenanthrene                23.7±2.3                                     22.0±0.6                                          16.0±0.4      189±15         80.3±4.1      4350±230
  1-Nitrofluoranthene                \<2                                          \<2                                               \<2           133±10         48.4±6.3      274±12
  7-Nitrofluoranthene                \<2                                          \<2                                               \<2           \<2            \<2           \<2
  2-Nitrofluoranthene                246±10                                       282±31                                            339±17        188±8          71±3          201±12
  3-Nitrofluoranthene                6.4±1.5                                      4.5±1.8                                           2.6±0.3       4301±330       1624±22       65.2±7.4
  4-Nitropyrene                      9.1±0.7                                      5.5±0.6                                           8.8±1.2       173±11         68.2±2.4      135±8
  8-Nitrofluoranthene                13.0±2.1                                     8.8±1.4                                           5.6±0.6       656±46         220±6         106±17
  1-Nitropyrene                      155±29                                       71.5±5.1                                          196±3         39, 640±1700   16, 070±590   18, 330±340
  2-Nitropyrene                      48.9±2.4                                     24.4±4.0                                          35.5±5.8      \<4            \<4           \<4
  **7-Nitrobenz\[*a*\]anthracene**   **43.0±4.3**                                 **351±3.6**                                       **351±2.9**   **5300±380**   **1962±70**   **995±68**
  6-Nitrochrysene                    6.9±0.6                                      4.4±0.2                                           2.0±0.2       2368±70        900±15        44.4±3.4
  6-Nitrobenzo\[*a*\]pyrene          61.0±8.7                                     \<40                                              309±37        1650±35        514±24        1442±47
  l-Nitrobenzo\[*e*\]pyrene          \<7                                          \<7                                               \<7           1788±45        670±17        \<10
  3-Nitrobenzo\[*e*\]pyrene          \<5                                          \<5                                               \<5           6857±210       1825±71       89±19
  1-Nitrobenzo\[*a*\]pyrene          \<5                                          \<5                                               \<5           \<5            \<5           \<5
  3-Nitrobenzo\[*a*\]pyrene          \<5                                          \<5                                               \<5           \<5            \<5           \<5
  **1,3-Dinltropyrene**              **\<2**                                      **\<2**                                           **\<2**       **1146±60**    **538±40**    **44 : 4±8 : 5**
  **1,6-Dinitropyrene**              **\<4**                                      **\<4**                                           **\<4**       **2543±220**   **934±14**    **84 : 5±6 : 2**
  **1,8-Dinitropyrene**              **\<2**                                      **\<2**                                           **\<2**       **3580±160**   **1377±43**   **\<9**

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

###### 

Nitrated-PAHs in commonly found roadway particulates ([@R183])

                          Concentration (ng/g)                          
  ----------------------- ---------------------- ---------- ----------- ------------
  9-Nitroanthracene       2,468                  \<17       1,706       8.58
  1-Nitropyrene           27,660                 129        5,117       \<0.01
  **1,3-Dinitropyrene**   **144**                **6**      **\<0.6**   **\<0.05**
  **1,6-Dinitropyrene**   **155**                **\<17**   **3**       **\<0.16**
  **1,8-Dinitropyrene**   **128**                **\<17**   **2**       **\<0.16**
  2-Nitrofluoranthene     195                    \<17       \<2         \<0.16
  3-Nitrofluoranthene     3,154                  \<2        \<0.02      \<0.02
  6-Nitrochrysene         \<12                   \<17       \<2         \<1.60

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

The preceding information indicates that there is a strong possibility of locating at least a few candidate biomarkers from this class of nitrated substances. Great care must be taken with the nitrated-PAHs because of the strong possibility that confounding may occur as the result of secondary nitration processes or contact with co-combustion sources. The primary advantage of targeting this class of substances stems from test data showing that they are not severely impacted by the use of advanced pollution control devices.

IV.. CONCLUSIONS {#s23}
================

Diesel engines have become a mainstay of modern life and an essential means of transporting goods, generating power, and applying mechanical force. Trucks, locomotives, ships, and marine vessels all rely on diesel engines to provide the power and reliability needed to transport goods across long distances. Manufacturers of passenger vehicles have also increasingly turned to the diesel engine as an alternative to traditional gasoline-powered engine because of the dramatic fuel savings it affords. From the year 1980 to 2000, the number of new diesel-powered automobiles sold in Europe quadrupled to the point where one in every three vehicles sold contained a diesel engine ([@R146]).

Because of its lean combustion characteristics, however, diesel exhaust is an inherently polluting emission that engineers have endeavored to control since the mid-1970s when the first emission standards went into effect. These efforts have led to tremendous reductions in PM, nitrogen oxides (NO~x~), and volatile organic compounds (VOCs) through a combination of engine redesign, fuel alternatives, and new types of pollution control devices. Despite these improvements, however, the emissions of NO~x~ and fine PM in the United States from on-road vehicle use have not declined greatly in part because of the increase in diesel fuel use ([@R53]). In Europe, the results are much the same with modest emission reductions offset by the large projected increases in diesel vehicle use ([@R69]).

The upswing in diesel-powered vehicles has also intensified concerns about the potential health and environmental effects of diesel exhaust. Most competent authorities now consider the components of diesel exhaust to pose acute and chronic health risks in humans ([@R197]; [@R255]; [@R107]). The issue, however, is not clear-cut since major questions persist regarding potency and the relative impact of other nonspecific background sources on any aggregate measure of risk. Without a clearly defined measure of diesel exhaust exposure, the strength of any association between exposure and health risk remains unknown or highly uncertain. Despite the uncertainties, however, use trends and potential health effects have necessitated an ever-changing array of pollution control measures for limiting exhaust emissions.

Past, present, and future emission control regulations continue to have a huge impact on the chemical and physical characteristics of diesel exhaust and have forced the design of new technologies for limiting the emission of potentially harmful gases, vapors, and particulates ([@R34]; [@R93]). In fact, current regulations in effect within the United States and Europe virtually guarantee that the composition of diesel exhaust will continue to undergo dramatic change in coming years with the diesel exhaust of today bearing small resemblance qualitatively or quantitatively to the exhaust of tomorrow. Modifications in engine design and pollution control device efficiency are having a dramatic impact on the emission characteristics of diesel exhaust. Results from the Advanced Collaborative Emission Study have shown that modern heavy-duty diesel engines equipped with an oxidation catalyst and particulate filter generally emit 90--99% less polycyclics and volatile organics than do older, pre-2004 engines ([@R118]). As this technology improves further and is applied to a wider variety of vehicle types, the concentration of diesel-related volatile and semivolatile substances in urban air may fall to negligible levels, but this is not likely to occur for many decades due to the impact of nonroad sources.

In addition to the variable impact of aftertreatment devices, other factors need to be considered since they can also dramatically influence the concentration, detectability, and usability of a candidate biomarker. As shown in [Table 8](#T8){ref-type="table"}, the impact of extraneous variables on the suitability of biomarker candidates from past, present, and future research will vary appreciably depending on the target substance or chemical category. Perhaps the most difficult problem with the identification of a diesel biomarker usable under a variety of exposure conditions is that of specificity. Past attempts at identifying a biomarker have largely taken place in occupational environments where cross-contamination issues were not a serious problem. In reality, however, many of the previously examined biomarkers can be found in combustion products from a variety of sources. To overcome this problem, future research will need to take a more creative and systematic approach that considers those substances unique to diesel exhaust. Another confounding variable that needs careful consideration, especially for those substances that have a long residence time in air, is atmospheric aging. The high propensity of PAHs to undergo atmospheric oxidation virtually guarantees that this category will not yield a viable candidate suitable for use in large-scale population studies. Other possibilities exist, however, particularly with those substances having a high oxidation state upon initial emission from the tail pipe. These same substances, however, have a relatively short half-life in the body due to the ease of excretion following phase 2 metabolism. This is partially offset by the tendency of some substances to form protein adducts, which have a far longer residence time in the body. For example, quinones such as those in diesel exhaust generally have a short half-life in the body on the order of 10--15 min, but their protein adducts can persist for days and exhibit a half-life of nearly two weeks in humans ([@R193]; [@R143]). By comparison, the half-life for representative PAH metabolites has been reported to average 18 hr, whereas the value for nitrated PAH metabolites is even shorter with an estimated value of 12 hr or less ([@R31]; [@R155]). The clearance of bulky DNA adducts is somewhat longer, as might be expected, with half-lives lasting up to 10--12 weeks; but again there are issues of specificity with these biomarkers ([@R72]). From a regulatory perspective, future legislation will likely affect all of the candidate substances similarly since emissions are restricted on the basis of total hydrocarbon content rather than an individual component or chemical class. When all of these confounding variables are factored into consideration, three substances emerge as the most viable for further study: nanoparticulates, 1-nitropyrene, and quinone adducts. This is not to say that other lines of research are unlikely to yield fruitful results, but rather that the three substances identified above are less likely to be affected by confounding influences.

###### 

Impact of confounding variables on the utility of putative biomarkers for diesel exhaust exposure

  Category               Atmospheric Aging   Diesel Specificity   Fuel Impacts   Metabolic Half-Life   Regulatory Target   After Treatment Removal   Overall Impact
  ---------------------- ------------------- -------------------- -------------- --------------------- ------------------- ------------------------- ----------------
  PAHs                   High                Low                  Variable       Moderate              Yes                 High                      High
  Oxy-PAHs               Moderate            Low                  Variable       Short                 Yes                 High                      High
  Nitro-PAHs             Low                 Moderate             Variable       Moderate              Yes                 High                      Moderate
  **Nanoparticulates**   **Low**             **High**             **Moderate**   **Long**              **No**              **High**                  **Low**
  **Nitropyrene**        **Low**             **High**             **Moderate**   **Short**             **Yes**             **Moderate**              **Low**
  Aldehydes              Unknown             Moderate             High           Long (adducts)        No                  High                      Moderate
  Phthalic acid          Low                 Moderate             Unknown        Moderate              No                  High                      Moderate
  Carbonyls              High                Moderate             Low            Short                 No                  High                      Moderate
  **Quinones**           **Moderate**        **High**             **Unknown**    **Long (adducts)**    **Yes**             **High**                  **Low**
  Dinitropyrenes         Low                 Moderate             Moderate       Moderate              Yes                 High                      Moderate

Bold type highlights those substances that are potentially useful biomarkers of diesel exhaust exposure.

Despite intense interest in the availability of a suitable and reasonably well-vetted biomarker for diesel exposure, progress has been relatively slow. To date most research has been bottom-up and inductive in nature, focusing on exploratory studies and observational finding to assess the usefulness and dependability of a particular technique. Although this inductive approach has its advantages in terms of focusing limited resources on those issues posing the greatest challenge, it tends to be rather unstructured and fragmented with no clear hypothesis-driven objectives. An alternative to this scheme and one offering a more systematic method of mining all available information, takes a top-down perspective that is entirely data-driven. A top-down analysis would take advantage of the vast amount of information that has been assembled on the emission of individual substances under various test conditions as well as those factors affecting their airborne concentration. An examination of these data sources in a prescribed and systematic fashion could yield a small select group of substances that possess the characteristics and properties required from an ideal exposure biomarker. The most notable challenge in this regard, and the one that has proved to be the most difficult to overcome, is that of specificity. Since many components of diesel exhaust are also found in wide variety of other emission types such as coal, wood, and cigarette smoke, as well as the exhaust from gasoline-powered engines, background exposures to many biomarker candidates can be unacceptably high. To overcome this problem, more focus needs to be placed on identifying those substances that are absent from secondary emission sources. Although this would entail a detailed examination and cross-comparison of the emissions profile from primary and secondary combustion sources, the potential rewards from this exercise are well worth the effort required.

Whereas this review has attempted to identify a small number of suitable candidates by searching for unique characteristics for a range of different categories, the effort was by no means systematic. A variety of qualitative and quantitative tools now exist to more thoroughly examine the potential for a substance to be (1) absorbed into the body; (2) metabolized and excreted; and (3) eliminated within a period of hours or days ([@R242]; [@R150]). The dosimetry, pharmacokinetic, and structure-activity models needed for this type of analysis currently exist and can be supplemented with others capable of answering questions regarding atmospheric photooxidation potential and environmental fate. The goal of using these modeling techniques would be to identify a subset of substances in diesel exhaust whose properties are conducive to further research on biomarker development. In order to accomplish this task, however, a current and comprehensive list is needed of the chemical substances emitted in diesel exhaust. Until very recently, this information was not available, but creation of the DSD by the Coordinating Research Council has yielded a truly unique and magnificent resource. As noted previously, the DSD contains a compilation of all previously conducted emission studies with diesel-powered engines ([@R97]). The information has been organized to provide average emission factors for nearly a thousand individual chemical substances as a function of vehicle age, engine size, and fuel type ([@R163]). A systematic top-down examination of the chemicals listed in this database using a structured set of rules and requirements could yield a subgroup of substances that have been screened for their specificity. This is merely the starting point, however, for assembling a group of chemicals that can undergo a more detailed examination. Factors such as the removal efficiency by pollution control devices, background concentrations in the environment, and the influence of fuel and engine-related properties would also need to be examined. The successful application of a methodical identification scheme such as this could lead to an orderly escape from the morass that has engulfed the search for a useable biomarker for diesel exhaust exposure.

As an array of ever more sophisticated analytical techniques is applied to the problem of biomarker identification, a breakthrough may occur; but there are many impediments. Although a variety of parent chemicals, urinary metabolites, and macromolecular adducts have been examined as potential biomarkers, none have been unequivocally and uniquely associated with diesel exhaust. There have been some tenuous successes, however, mostly with the measurement of 1-nitropyrene concentrations in the urine. Although this is a particularly intriguing substance that is neither formed secondarily through atmospheric nitration reactions nor excessively impacted by the use of advanced pollution control devices or alternative fuel types, additional validation is needed to establish the performance characteristics of the assay under actual field conditions ([@R195]). Because of its short elimination half-life, however, urinary 1-nitropyrene measurements do not provide an optimal approach for measuring community exposures, which can occur intermittently or with a long lag periods between exposure termination and sample collection. The best approach in these settings would be the measurement of a protein or hemoglobin adduct that has a relatively long biological half-life. Although there are few published studies to date on the feasibility of using hemoglobin adducts to measure diesel exhaust exposure, it remains a promising approach given the known presence of semireactive quinones and aldehydes in the exhaust stream. This is a long-term prospect, however, that will take many years to organize and bring to fruition. In the interim, a more short-term approach, at least for occupational exposures, would be a more thorough vetting of the attributes, interferences, and complexities associated with urinary 1-nitropyrene measurements.
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